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Foreword 

The last fifty years have seen remarkable progress in the prevention, detection and 

treatment of cancer. However, the current methods for cancer management including 

radiation, surgery and chemotherapy suffer from many disappointments, such as non-specific 

suppression of proliferating cancer cells, non-specific systemic distribution, inadequate drug 

concentration at the target site, developpment of resistance, and a limited ability to monitor 

the response to therapy.  The concept of the “magic bullet”, proposed by Paul Ehrlich more 

than 100 years ago, postulated that the ideal drug should selectively target and destroy the 

cause of disease. Therefore, due to their high specificity, the monoclonal antibodies have 

shown a great promise in the treatment of cancer. However, the effectiveness of antibodies 

against cancer, and specifically against solid tumours, which are harder to treat, might be 

improved. In this context, antibodies are being administered in combination with other 

therapeutic strategies, such as chemotherapy or radiation, or developed as targeted vehicles by 

attaching toxins or radionuclides. An extension of these approaches is the study of antibody-

modified nanomaterials, and particularly antibody-functionalized gold nanoparticles, which 

use gold nanoparticles as therapeutic agents and antibodies as targeting ligands, offering a 

promise of selectively conducting the nanoparticles to tumour cells, and thus a focused 

targeting thanks to the antibody selectivity. These gold nanoparticles may be used for 

photothermal therapy, as sensitizers in radiation therapy, and offer more flexibility of design 

in providing platforms for binding of several therapeutic agents in a single structure for 

effective improvement of cancer therapy. 

The general goal of this thesis was to explore the efficiency of targeting cancer cells by 

using antibodies directed against EGFR, or anti-CD105 antibodies directed against endoglin 

after their conjugation to gold nanoparticles. It is a proof of concept, where these 

immunonanoconjugates were evaluated as an imaging tool with the hope of operating them in 

future therapies and even in theranostic purposes. The approach of conjugating bioactive 

anticancer molecules, such as antibodies, to nanoparticles has some limitations, notably the 

risk of losing the antibody specificity for the target after the conjugation reaction. Thus, the 

assessment of target recognition properties and comparative biodistribution studies of 

antibodies before and after conjugation to gold nanopaticles were performed. In order to trace 

these immunonanoconjugates in vivo, the antibodies were firstly radiolabelled before 
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nanoparticle conjugation. For conjugation reaction to gold nanoparticles, we chose two types 

of monoclonal antibodies directed against EGFR or endoglin (CD105). 

In this work, our efforts focused on the development of a tool that could be used as an 

imaging probe in a first step. The first specific aim consisted in the assessment of the effect of 

nanoparticle conjugation on the antibody biodistribution and on the antibody specificity for its 

target. Regarding antibody recognition properties, we studied the binding properties of these 

immunanoconjugates in vitro and in vivo through blocking experiments, and we tried to 

explain the reasons of the possible loss of antibody immunoreactivity through structural 

characterization of these conjugates. 

Another aspect that was treated in this work consisted in justifying the choice of the 

radiolabel for tracking these immunoconjugates in vivo. We initially directly radiolabelled the 

antibodies with radioiodine, a common and easy procedure used in laboratory. The 

unexpected tumour uptake profile of iodinated anti-CD105 antibodies, compared with the 

known kinetics of most intact antibodies, led us to reconsider the choice of the radiolabel. We 

studied the biological distribution of anti-CD105 antibodies in mice bearing tumours (two 

tumour models), and we compared the pharmacokinetic profile of iodinated anti-CD105 

antibodies and that of 
89

Zr-labelled anti-CD105 antibodies, as validated tracers, in order to 

highlight the limitations of the direct anti-CD105 antibody radioiodination on stable antibody 

tracking. 

Besides the validation of these immunonanoconjugates as tracers suitable for cancer 

imaging, we have high expectations of investigating their therapeutic potential. As highly 

potent and selective drugs are still lacking, we hope that these assemblies, as novel agents for 

cancer management, will provide an effective strategy to improve cancer therapy through 

combining the targeting properties of antibodies and the additional therapeutic properties of 

gold nanoparticles. 



 

-4- 

 

 

 

 

 

 

 

 

 

 Chapter 1: INTRODUCTION



Introduction 

-5- 

 

Outlines 

The introduction has been divided into four chapters. 

The first chapter deals with the concept of immunotargeting of cancer cells, and 

particularly the radioimmunotargeting approach for diagnostic and therapeutic purposes. The 

promises and limitations of radioimmunotargeting are presented. The experimental aspects, 

including radiolabelling processes of antibodies and in vivo explorations of their 

biodistribution through ex-vivo experiments and in vivo imaging studies are detailed. With 

regard to radioimmunotargeting limitations, especially in therapy, the first chapter highlights 

that there exists a need in the art to improve the efficacy of antibody-based therapies. 

The second chapter describes EGFR and endoglin as tumour markers of particular interest 

in cancer treatment. Their implications as interesting tumour targets for the immunotargeting 

are addressed. 

 The third chapter browses the general properties of nanoparticle systems, with a particular 

focus on gold nanoparticles. The production of gold nanoparticles, their toxicity, the passive 

and active targeting strategies and resulting pharmacokinetic profile are described. The gold-

based diagnostic and therapeutic systems, based on the photophysical properties of gold 

nanoparticles, are also discussed in this chapter. 

The fourth chapter describes the nanoparticle vectorization process using monoclonal 

antibodies, as targeting ligands. The question of the influence of targeting ligands on tumour 

uptake of conjugated gold nanoparticles is addressed. An overview of potential biomedical 

applications of these immunonanoconjugates is presented. 
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I. Radioimmunotargeting of cancer cells 

1. Radioimmunotargeting approach 

The immunotargeting approach was conceived through increased understanding of the 

biological pathways involved in the pathogenesis of cancer, and subsequently based on the 

identification of the most appropriate antigens to target. The immunotargeting of cancer cells 

involves the use of antibodies or antibody fragments against a tumour antigen overexpressed 

by cancer cells. The selective immunotargeting appears to be possible thanks to the high 

specificity of the antigen-antibody recognition for selectively targeting noxious cells, without 

harming healthy host cells. 

Monoclonal antibodies (mAbs) have emerged as an important and a rapidly expanding 

drug class for treating a wide variety of human diseases, including cancer. The anticancer 

properties of mAbs can be achieved by several biological mechanisms and may have direct or 

indirect cytotoxic effects. The direct mechanisms of antibody-mediated cell killing include 

apoptosis induction (Scott 2012), blocking of growth factor receptors and subsequent 

inhibition of cancer cell proliferation (Baselga 1994), inhibition of tumour angiogenesis 

invasiveness and malignant spread of cancerous cells, and production of anti-idiotype 

antibodies (Schmolling 1995, Fagerberg 1994). The indirect effects include antibody-

dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity 

(CDC) (Scott 2012). However, the direct and indirect actions of mAbs may be insufficient to 

provide a significant cytotoxicity.  

Over the last forty years, there has been an increase of activities in the field of 

radioimmunotargeting. The radioimmunotargeting approach is based on combining 

radioactive isotopes with specific mAbs. This approach makes feasible in vivo tracing and/or 

treating of tumour cells using radiolabelled mAbs. The radiolabelling of mAbs enables to 

demonstrate the specificity of the immunotargeting, and remains attractive for diagnostic as 

well as therapeutic purposes, depending on the delivered dose and the physical properties of 

the bound radionuclide. Further, the radioimmunotargeting applications can be performed for 

diagnosis using the gamma-camera, when the radioisotope is a gamma-emitter, or using the 

positron emission tomography (PET), when the radioisotope is a positron-emitter. On the 

other hand, the radioimmunotargeting for therapeutic purposes, termed radioimmunotherapy, 
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uses mAbs radiolabelled with high energy beta particles, alpha-emitters, and Auger electron- 

or conversion electron-emitting radionuclides. 

Although mAbs can be relatively effective alone and in “naked” or unconjugated form in 

the treatment of solid tumours and hematological malignancies (O’Mahony 2006), their 

combination with conventional cytotoxic chemo-drugs, radiation or surgery have improved 

clinical treatment outcomes (Reichert 2002, Goldenberg 2002, Carter 2001, Reichert 2001). 

Moreover, many innovative approaches have been developed to improve the efficacy of 

antibody-based therapies (Carter 2001). Indeed, mAbs can be conjugated to cytotoxic 

compounds (drugs, toxins or cytokines) or to cytotoxic radioactive isotopes. Such conjugates 

represent broadly applicable approaches to enhance the antitumour activity of antibodies in 

delivering the therapeutic agent directly to antigen-bearing tumour cells, and for improving 

the tumour-to-normal tissue ratios of conjugated moieties (Green 2000). Further, mAbs can 

also be used as targeting agents, which are grafted to nanomaterials, such as gold 

nanoparticles, in order to improve their specific delivery to treat cancer cells through 

combining the targeting properties of antibodies with the additional therapeutic properties of 

gold nanoparticles.  

2. Radioimmunotargeting issues : imaging strategy to guide molecular therapy 

2.1. Antibody formats for improving radioimmunotargeting (Olafsen 2010) 

The nuclear imaging approach requires the accumulation of the signal delivered by a probe 

at the target site. MAbs are high affinity molecules that can be used for a specific high 

delivery to cell surface antigens.  However, their long circulation time in blood may make 

them less suitable as imaging probes. Indeed, a more rapid clearance from the blood is 

warranted for imaging purposes in order to increase the imaging contrast. The efforts to 

improve the antibody pharmacokinetics without compromising the antibody affinity and 

specificity have been made through protein engineering. Different antibody formats that differ 

in antigen binding sites and in size have been produced and evaluated as imaging probes to 

target the tissues of interest (Olafsen 2010).  

The majority of mAbs studied to date have been whole antibodies or fragmented. A major 

disadvantage of using intact mAbs as imaging probes is that they circulate in the blood for 

several days. For this reason, the Fab fragments produced by proteolytic reaction digesting 
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mAbs were developed as imaging agents (Figure 1). Early studies of antibody-based imaging 

agents showed that the blood clearance was inversely related to the size of the protein. The 

clearance rate of: Fab or Fab’ (MW ~50 kDa) > F(ab’)2 (MW ~110 kDa) > IgG (MW ~150 

kDa) (Wu 2000). However, the disadvantage of Fab and Fab’ fragments is their only one 

antigen binding site, which reduces the avidity of the antibody and induces subsequent 

difficulties in localizing and accumulating the activity in target tissue.  

 

Figure 1: Schematic presentation of an intact antibody molecule (IgG), which can be dissected by partial 

digestion with proteases. Left panel: the papain cleaves IgG into three pieces, two Fab fragments and one Fc 

fragment. The Fab fragment contains the binding antigen region. Right panel: the pepsin cleaves IgG to yield one 

F(ab’)2 fragment and many small pieces of Fc fragment, the largest of which is called pFc’ fragment. Fab’ is 

written with a prime because it contains a few more amino acids than Fab, including the cysteines that form the 

disulphide bonds (Janeway’s Immunobiology 8
th

 ed., Garland Science 2012). 

The production of genetically engineered antibody fragments of different sizes and with 

multiple valences started with the introduction of fast clearing fragments, such as single-chain 

variable fragments (scFv, MW ~25 kDa). Because of their monovalent binding, these 

fragments demonstrate a modest retention time in tumours, due to a rapid dissociation from 

the target antigen, and a low exposure time to the target (Olafsen 2010, Bird 1988). 

Consequently, these fragments may provide potentially a poor image quality. Using scFv as 

building block, larger antibody fragments such as diabodies (dimers of scFv, MW ~50 kDa), 

minibodies (dimers of scFv-CH3, MW ~80 kDa) and scFv-Fc dimers (MW ~105 kDa) have 

been generated (Wu 2005). These fragments have exhibited a better tumour penetration due to 
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a balance between their longer residence time in blood (compared with scFv fragment) and a 

faster clearance kinetics (compared with intact antibody). These properties result in an 

excellent tumour-to-blood ratio, which is desirable for imaging probes. The rapid elimination 

has been attributed to their size and the lack of interaction with the neonatal Fc receptor 

(FcRn). The imaging studies using these fragments after their radiolabelling have 

demonstrated an excellent high imaging contrast with γ-camera and PET scanner (Figure 2). 

 

Figure 2: Schematic presentation of an intact antibody and antibody fragments derived from it, including the 

single variable domain fragment (Fv), single chain Fv (scFv), diabody, Fab/Fab’, minibody and scFv-Fc dimer. 

The approximate values of molecular weights and the blood half-lives are indicated below each fragment. VL: 

variable light chain (light green), VH: variable heavy chain (dark green), CL: constant light chain (pink), CH: 

constant heavy chain (blue) (Adapted from Olfasen 2010).  

Many other attractive features of antibody variants have been produced through the 

engineering field. These fragments are even smaller scaffolds, encompassing a range of 

protein domain-based frameworks that are neither conventional antibodies nor peptides 

(Gebauer 2009, Nuttall 2008). Among these new directions, there are non-immunoglobulin 

based scaffolds, such as affibodies (MW ~7 kDa) and immunoglobulin based scaffolds, such 

as nanobodies (Nanobody
®

)
‡
. The affibodies are derived from staphylococcal surface protein 

A and seem to be favourable as an alternative imaging agent (Friedman 2009). Nanobodies 

are derived from naturally occurring antibodies that lack the light chain, and are found in 

camelids (Figure 3). Nanobodies are novel antibody vectors, which are characterized by a 

single antigen binding domain (VHH domain, MW ~15 kDa). Because of their small size, the 

                                                 
‡
 Nanobody is a registered trademark of Ablynx N.V. 
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VHH domains rapidly passes the renal filter (cut off ~60 kDa), resulting in their rapid blood 

clearance and a fast tissue penetration (Cortez-Retamozo 2008, Huang 2008). 

 

Figure 3: Schematic presentation of a conventional antibody: heavy and light chains, both required for antigen 

binding and stability; a camel antibody: only heavy chains with full antigen binding capacity and high stability; 

VHH domain, called Nanobody
®

 and derived from camel antibody: the smallest functional fragment of a single 

chain antibody (Adapted from Prof. Serge Muyldermans, Vrije Universiteit Brussel). 

There are several factors that influence the successful targeting and imaging of tumours 

using different antibody formats. These factors include the antibody design and the choice of 

the radiolabel according to the pharmacokinetic behaviour of the antibody format. The 

antibody modifications, such as MW, preserved Fc domain, valency and specificity have an 

impact on the antibody pharmacokinetics (Olafsen 2010). Indeed, the larger antibody 

fragments (MW > 60 kDa) clear through the liver, whereas those below this size clear through 

the kidneys. The presence of Fc domain increases the serum residence time and the exposure 

time to the target. The specificity and the avidity are important for localizing and 

accumulating antibody in the target tissue.  

Overall, the antibody-based molecular imaging will play an important role in diagnosis and 

in the management of cancer and other diseases, by enabling relatively early imaging of 

malignant lesions that will accelerate the evaluation of patient care and treatment. Indeed, 

several intact antibodies and to a lesser extent antibody fragments have been evaluated in 

patients and have shown encouraging results (Wu 2009, van Dongen 2007) (Appendix 1A). 
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2.2. Radioimmunodetection aspects (Fass 2008) 

Molecular imaging is a rapidly growing field and a powerful tool in the clinical diagnosis 

of diseases (Jaffer 2005). Among the molecular imaging approaches, the nuclear medicine 

imaging provides functional informations at the molecular and cellular level and has the 

advantages of a high intrinsic sensitivity, an unlimited depth penetration, and a broad range of 

clinically tested molecular imaging agents. The radioimmunodetection (RID) uses 

radiolabelled mAbs, which have the ability to interact with specific molecular targets 

involved in many diseases, including cancer. 

a. Radionuclides for cancer imaging 

The radioimmunoimaging involves the use of gamma (γ) or positron (β
+
)-emitting

 

radionuclides, as labels of mAbs or antibody fragments. The label is a radioisotope with a 

decay scheme that facilitates the detection and the imaging with a γ-camera system or with a 

PET scanner. An ideal radionuclide for imaging applications requires some particular 

characteristics. The most widely used γ-emitting radioisotope is 
99m

Tc, which has ideal 

characteristics for imaging. 
99m

Tc has a reasonable physical half-life (t1/2 6.02 h), long enough 

to obtain images or to examine biological processes, and short enough to limit the radiation 

exposure to the patient. 
99m

Tc emits γ-rays with convenient energy of 140 keV, high enough 

to be detected by the radiation detectors of the γ-camera, which is positioned outside the body, 

but low enough to avoid a high absorbed radiation dose to the patient. Most tracers used in 

nuclear medicine are radiolabelled with 
99m

Tc.  
99m

Tc chemistry enables to label antibodies for 

imaging applications, such as 
99m

Tc-arcitumomab (CEA-Scan
®

), which is a murine IgG1 Fab’ 

directed against carcinoembryonic antigen for detection of recurrent and/or metastatic 

colorectal carcinoma. Finally, 
99m

Tc is easily and locally produced at a low cost using the 

technetium generator. The most routinely used β
+
-emitter for PET imaging is 

18
F. Because of 

its short physical half-life (t1/2 109.8 min), 
18

F is widely used for radiolabelling of 

biomolecules and in molecular imaging of biological and biochemical processes. However, 

18
F is produced in a cyclotron and is thus expensive, and less easily available. 

18
F may be used 

for radiolabelling of low molecular weight antibody fragments, such as affibodies (Kramer-

Marek 2012, Kiesewetter 2008). Many other radioisotopes are commonly used in nuclear 

medicine imaging for radioimmunodetection goals (Appendix 2). 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Kiesewetter%20DO%5Bauth%5D
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b. Rationale for the selection of the radionuclide 

The nature of the radiolabel may affect the targeting. It must be mentioned that all γ- or β
+
-

emitting radioisotopes, having adequate properties for imaging, are not all suitable for 

antibody radiolabelling. The choice of the radioisotope for antibody radiolabelling depends on 

some considerations. In fact, the physical half-life of the radionuclide should be matched with 

the pharmacokinetic properties of the selected antibody. The radionuclides with longer 

physical half-lives, such as 
111

In (t1/2 2.83 d), 
124

I (t1/2 4.2 d) and 
89

Zr (t1/2 3.3 d) are suitable 

for labelling intact antibodies, which have a slow in vivo kinetics and which require several 

days (2-4 d) to reach a maximum tumour uptake and a favourable tumour-to-background ratio 

(T/Bg). On the other hand, the antibody fragments are more rapidly cleared from the blood 

than whole antibodies. The radiolabelling of antibody fragments may use γ-emitting 

radionuclides with shorter half-lives, such as 
99m

Tc (t1/2 6.02 h) and 
123

I (t1/2 13.0 h) or β
+
-

emitters, such as 
18

F (t1/2 109.8 min) and 
68

Ga (t1/2 68.1 min) for labelling fragments with very 

rapid uptake and clearance, while radiolabelling with ultra-short half-life radionuclides, such 

as 
15

O (t1/2 2.07 min), 
13

N (t1/2 9.96 min) and 
11

C (t1/2 20.38 min) is not appropriate. For 

instance, several β
+
-emitters for immuno-PET are currently under investigation, and can be 

grouped according to their physical half-lives that ideally should be paired with the biological 

half-life of the antibody format. Thus, the short-lived β
+
-emitters, such as 

68
Ga (t1/2 68.1 min) 

and 
18

F (t1/2 109.8 min) are suitable for rapid clearing fragments, such as scFv and diabodies. 

The intermediate-lived β
+
-emitters, such as 

64
Cu (t1/2 12.7 h), 

86
Y (t1/2 14.7 h) and 

76
Br (t1/2 

16.1 h) are suitable for antibody fragments with intermediate clearance properties, such as 

minibodies and modified scFv-Fc fragments. The long-lived β
+
-emitters, such as 

89
Zr (t1/2 3.3 

d) and 
124

I (t1/2 4.2 d) are suitable to image intact antibodies and scFv-Fc (Olafsen 2009, 

Sundaresan 2003). There is a great interest regarding clinical translation of antibody 

fragments and variable affinity scaffolds for tumour targeting.  

On the other hand, the internalization process of the antibody after binding to its target into 

tumour cells should also be considered for the choice of the radiolabel. For example, the 

direct iodinated mAbs are unstable in vivo due to the intracellular catabolization, which leads 

to the deiodination and the rapid release of the radioactivity from cells after antibody 

internalization. In contrast, radioactive metals, such as 
111

In and
 89

Zr are residualizing 

isotopes, which are trapped inside the cell after antibody internalization (Vugts 2011). Thus, 
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the labelling with intracellularly retained isotopes has an advantage over released ones both in 

diagnosis and therapy. 

c. Clinical applications of radioimmunodetection  

The cancer patient management is an important application of nuclear medicine imaging in 

terms of staging of new patients, restaging for treatment planning and prediction of therapy 

response. Moreover, in vivo imaging using radionuclide-based detection can be repeated to 

monitor the treatment response and the disease recurrence, because the technique is 

noninvasive and generates a relatively low radiation absorbed dose. Several clinical studies 

have explored a wide variety of cancers using RID, including but not limited to the cancer of 

colon, ovary, prostate, breast and lung. Only a handful of mAbs or antibody fragments have 

been approved (Appendix 1A), such as 
111

In-labelled capromab pendetide (ProstaScint
®
) for 

prostate cancer imaging. In addition to straight diagnostic applications, the 

radioimmunoimaging can provide targeting and dosimetry informations that can guide 

therapy. Thus, the radioimmunoimaging has been traditionally developed in parallel with 

radioimmunotherapy. For example, 
111

In (t1/2 2.83 d) is a γ-emitting radioisotope that can be 

imaged and which mimics the dosimetry of 
90

Y (t1/2 2.67 d). The 
90

Y is a β
-
-emitter that 

cannot be detected through scintigraphy, SPECT or PET imaging. Another example concerns 

mAbs radiolabelled with 
124

I (t1/2 4.2 d), a β
+
-emitter that enables the accurate quantification 

of tumour uptake and healthy organs using PET imaging. The 
124

I-labelled mAbs have the 

same kinetic as when labelled with the therapeutic nuclide 
131

I (t1/2 8.04 d). 

2.1. Radioimmunotherapy aspects (Boswell 2007, Goldenberg 2002) 

In addition to the RID which uses radiolabelled mAbs as radiotracers, the mAbs 

radiolabelled with therapeutic radionuclides, termed radioimmunotherapy (RIT), has also 

shown promise in cancer management. The challenge of RIT is to improve the delivered 

radiation dose and to achieve a more uniform distribution of ionizing radiation, with the 

ultimate goal to specifically irradiate tumours while sparing normal tissues. 

a. Radionuclides for cancer therapy 

The relevant radionuclides for cancer therapy are selected for their non-penetrating and 

damaging particulate emissions. The suitability of a radionuclide for RIT depends on its 

physical and chemical properties, its in vivo fate after antibody metabolism, and the nature of 
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emitted radiation (i.e. high linear energy transfer (LET)). Such high LET radiation induces 

profound effects on DNA, causing strand breaks. Moreover, the efficacy of the radiation is 

influenced by the target location, the size, the morphology, the physiology and the 

radiosensitivity of the tumour, and also by the kinetic profile of the antibody. The most 

widely used high energy β
-
-particle emitters are 

131
I (t1/2 8.04 d) and 

90
Y (t1/2 2.67 d). 

However, these emitters have a β-range in tissue of several millimetres, which creates a 

“crossfire” effect and may affect the antigen negative cells. Thus, β-particle therapy is 

preferred for large tumours. The α-particle therapy uses α-particle emitters, such as 
213

Bi (t1/2 

0.77 h), 
212

Bi (t1/2 1 h) and 
211

At (t1/2 7.2 h). These emitters have a short α-range in tissue of 

several micrometres, high energies of several MeV and high LET. Hence, the α-particle 

emitters should be better suited for the treatment of micrometastases or for targeting 

circulating tumour cells. Since these α-emitters have short half-lives, their conjugation to 

mAbs must be rapid and are less compatible with the slow in vivo kinetics of intact 

antibodies, which require several days to reach an optimal tumour uptake. The physical 

properties of all mentioned radioisotopes are listed in Appendix 3. 

b. Clinical applications of radioimmunotherapy 

The RIT have been used in the management of hematopoietic tumours, especially non-

Hodgkin’s lymphoma (NHL), as well as for treating solid tumours, which express targeted 

antigen (Appendix 1B). The antitumour activity is primarily due to the radionuclide attached 

to the antibody, which emits continuous irradiation with heterogeneous dose deposition. In 

some cases, the antibody itself contributes to the tumour destruction through an immune 

response via the antibody-mediated cell destruction. Many considerations should be taken to 

improve the efficacy of RIT, including the nature of the antibody (specificity, affinity, avidity, 

dose, immunoreactivity and mechanism of action), the attached radiolabel (emission 

properties, half-life and stability of radioimmunoconjugate), the antigen targeted (location, 

modulation, stability, density and expression), the nature of the tumour (radiosensitivity, 

location, size, vascularization, immunogenicity and proliferative rate), and other factors, such 

as the heterogeneity of dose deposition and the dose-rate effects (Goldenberg 2002). Two 

radiolabelled mAbs directed against the CD20 antigen, expressed on the surface of normal 

and malignant B-lymphocytes, are approved for the treatment of NHL, the 
90

Y-labelled 

ibritumomab tiuxetan (Zevalin
®
) and the 

131
I-labelled tositumomab (Bexxar

®
). It must be 
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mentioned that the solid tumours are less responsive compared with hematopoietic tumours. 

This may be explained among others by the inhomogeneous targeting, which may be more 

significant for often poorly vascularized solid tumours (Blumenthal 1995). Thus, multiple 

administrations or combinations with other treatment modalities may be required. Indeed, the 

RIT may be used as a consolidation treatment in patients with residual solid tumour after for 

example, surgical management. 

3. Radioimmunotargeting limitations 

The radiolabeled mAbs have not yet achieved the status of a routine clinical use. In fact, 

several limitations in radioimmunotargeting field have been observed. For nuclear medicine 

imaging, the characteristics required for an ideal radiopharmaceutical include: efficient 

accumulation and retention of the tracer in the target tissue, no accumulation in non-target 

tissues, high specificity for effective antigen discrimination, no side effects, rapid clearance 

from background
§
, in vivo stability, and easy preparation at low cost (Müller 2013). With 

regard to RIT, the limitations are depending on the physical properties of the bound 

radionuclide, which should be suitable to induce damages on targeted cells, but also depend 

on the tumour accumulation of radiolabelled mAbs, which remains the major limitation for 

delivering effective radiation doses, notably for solid tumour. In fact, the challenge of RIT is 

to achieve a high local concentration of radiolabelled mAbs and thus to deliver effective 

levels of therapeutic radiations. Many other critical factors influence the tumour dosimetry 

and the therapeutic ratio
**

, such as the residence time of radiolabelled mAbs at the target 

tissue, which is depending on their affinity for tumour cells, the rate of clearance of 

radiolabelled mAbs from normal tissues, and the heterogeneity of the tumour mass, which 

may decrease the antibody effectiveness, especially because of the antigen expression 

disparity on tumour cells (Green 2000).  

Some of observed radioimmunotargeting limitations are inherent to the immunotargeting 

concept and especially to the intrinsic antibody properties. Firstly, because the mAbs target 

cells overexpressing a particular antigen, there is a possibility of cross-reactivity with normal 

tissues expressing the same antigen. For this reason, considerable researches have gone 

towards finding tumour-specific antigens. Further, although these specific antigens are found 

                                                 
§
 Background : non-specific tissues and blood 

**
 Therapeutic ratio: the dose delivered to the tumour compared with the dose delivered to normal tissues 
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almost exclusively on tumours or are expressed at a greater level in tumour cells than in the 

corresponding normal cells, the disparity of antigen expression on cancer cells contributes to 

the tumour heterogeneity, which results in a variable recognition of cells by the given 

antibody (Aerts 2009). On the other hand, it should be noted that the murine or other non-

human antibodies, such as chimeric human-mouse mAbs are immunogenic, and may lead to 

extensive formation of immune complexes, which can cause renal failure in severe cases. The 

murine mAbs have many disadvantages that prevent them from having optimal efficacy. As 

they are non-human, these antibodies themselves are capable of eliciting an immune response 

by producing human anti-mouse mAbs (HAMA), which can be formed against the given 

therapeutic antibody. The HAMA response reduces the plasma concentration of administered 

antibody under the necessary level to achieve therapeutic effect and decreases the ability to 

administer multiple times the same therapy to the patient. Indeed, the HAMA development 

occurs usually after repeated exposure to the administered antibody. Once an immune 

response occurs, the administered antibodies can be rapidly cleared from the circulation. To 

decrease the immunogenicity of the murine and chimeric antibodies, humanized mAbs and 

antibody fragments may be a partial solution (Oriuchi 2005). Finally, one of the major 

problems of radioimmunotargeting is non-specific localization of the tracer. It is known that 

one of the limitations of antibody-based imaging and therapy is the high background signal in 

the reticuloendothelial system, particularly in the liver, where antibodies are mainly 

metabolized (Sands 1987). Overall, these limitations might lead to an insufficient tumour 

uptake and/or a too high tracer level in blood and non-specific tissues, and thus a hampered 

tumour visualisation. When used for immunotherapy, such unfavourable in vivo behaviour 

aspects of mAbs would give an inconvenient radioactivity dose in the tumour, and a 

detrimental dose to normal tissues. 

Other critical parameters for radioimmunotargeting are related to the radiolabelling 

process. The radiolabelling reaction, as well as any other conjugation reactions, may influence 

the pharmacokinetic profile, the immunological properties and the pharmacological effect of 

the antibody. It is important to control the integrity and the immunoreactivity of mAbs after 

radiolabelling reaction. The radiolabelling process should not greatly affect the antigen 

recognition, the antibody internalization by tumour cells, and the antibody efficacy. It is also 

necessary to characterize the stability of the linker between the antibody and the radioisotope. 

Other important considerations include the choice of radiolabelling methods and the related 
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operating conditions, which may affect the radionuclide-to-antibody ratio and subsequently, 

the antibody recognition properties. Finally, in vivo applications require also the purification 

of mAbs before and after the radiolabelling process. The goal is to produce radiolabelled 

mAbs pure and stable enough, without significantly altering their properties. For all these 

reasons, the best set of conditions for any particular protein radiolabelling has to be 

optimized.   

4. Radiochemistry issues  

The advances of radioimmunotargeting in the cancer field have occurred thanks to two 

parallel paths: the radiochemistry developments and the new imaging methods. 

4.1. Radiolabelling with radioiodine (Slater 1990) 

The radiohalogenation is the process of chemically modifying a molecule to contain one or 

more atoms of radiohalogen. The radiohalogens, such as radioiodine (
123

I, 
125

I, 
124

I and 
131

I) 

may be used to radiolabel mAbs. There are direct and indirect methods of radiohalogenation. 

The indirect method involves the use of bifunctional reagent, which is an intermediate linker, 

attached to the radioisotope prior to the antibody conjugation. The direct method involves the 

direct incorporation of the radiohalogen into proteins, and it is generally rapid and convenient, 

giving high yields and specific activities. Several different methods are available for the direct 

radioiodination of proteins, such as mAbs. Essentially, they differ in the nature of the 

oxidizing agent, which is used to convert the commercially available radioactive iodine [I
-
] 

into the reactive species [I
+
] (iodonium). The iodionium reacts most readily with tyrosine 

residues (phenol group) of the antibody (Figure 4), but the electrophilic substitution into other 

residues, particularly histidine (imidazole group) can occur. It is generally agreed that the 

incorporation of one iodine atom per antibody molecule provides an optimum specific activity 

and stability of labelled molecules. It has to be kept in mind that radioiodination should result 

in the minimum possible change in the protein. The iodine atom has approximately the same 

size as a benzene nucleus. Thus, the addition of even one iodine atom may have a profound 

effect on the structure and the physicochemical properties of the labelled protein, especially if 

the latter is an antibody with an active recognition site. Therefore, the control of the antibody 

integrity after radiolabelling is essential. The target recognition capacity of the radiolabelled 
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antibody has also to be controlled.  The choice of the oxidizing agent and the incubation time 

can be optimized in order to control the substitution rate and the antibody integrity.  

 

Figure 4: General scheme illustrating the radioiodination reaction of proteins. The oxidizing agent converts the 

radioactive iodide [*I
-
] into reactive species [*I

+
], which reacts with tyrosine residues by means of electrophilic 

aromatic substitution reaction (Adapted fom Prof. Bernard Gallez, UCL). 

MAbs can be directly labelled with radioiodine by means of several well-established 

radioiodination methods, which include the use of chloramine T
††

 or Iodogen
® ‡‡

 as oxidants. 

The procedure that uses chloramine T was introduced by Hunter and Greenwood (Hunter 

1962). It is probably the most widely used method thanks to its reproducibility, economy and 

efficiency. Chloramine T breaks down in aqueous solution, producing hypochlorous acid, 

which oxidizes the radioactive iodide at a neutral pH that is optimum to protect antibodies 

against denaturation. The reaction is stopped after a certain incubation time by adding a 

reducing agent. Iodogen
®
 procedure was first described by Fraker and Speck (Fraker 1978), 

as a reaction that involves the use of a solid phase oxidation reagent for iodination of proteins 

and cell membranes.  Iodogen
®
 is a softer oxidant that is very slightly soluble in aqueous 

media. Thus, any damage to the protein during the labelling process, brought about by the 

oxidant agent, is likely to be very small. Iodogen
®
 is dissolved in a suitable organic solvent 

and is deposited as a thin solid coat on the walls of tubes. The iodination reaction in coated 

tubes is terminated simply by removal of the incubation mixture. After radioiodination 

reaction, the radiolabelled mAbs are purified using gel filtration chromatography for 

                                                 
††

 Chloramine T : sodium salt of the N-monochloro derivative of p-toluene sulphonamide 

‡‡
 Iodogen

®
 : 1,3,4,6-tetrachloro-3α, 6α-diphenyl glycoluril 
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removing free iodine. The efficiency of iodine incorporation depends on the pH value, the 

incubation time and the introduced amount of proteins, iodine and oxidizing agent (Paus 

1982, Hunter 1962).  

One of the problems associated with the direct radioiodination is the unwanted oxidation of 

susceptible groups, such as methionine and tryptophan residues. The methionine residues can 

be oxidized to sulfoxides and sulfones, which can often render the protein biologically 

inactive. The procedures that use strong oxidizing agents, such as chloramine T are more 

likely to lead to these oxidation problems, whereas the milder oxidants, such as Iodogen
®
 are 

less likely to oxidize the proteins (Slater 2002). Moreover, the direct iodinated mAbs are 

unstable in vivo due to the proteolysis, the deiodination and the release of the radioactivity 

from cells after antibody internalization (Vugts 2011). 

4.1. Radiolabelling with zirconium-89 

Within the commonly used β
+
-emitters for PET imaging, only a few of them are suitable 

for antibody labelling, since immuno-PET requires that the radioisotope should be attached to 

the antibody with a good in vivo stability, and that the decay half-life of the radionuclide 

should match with the biological half-life of antibodies. For instance, 
89

Zr (t1/2 78.4 h), 
64

Cu 

(t1/2 12.7 h) and 
86

Y (t1/2 14.7 h) are radiometals used for imaging purposes and suitable for 

antibody radiolabelling.  

89
Zr is an appropriate candidate for immuno-PET because of its long physical half-life (t1/2 

78.4 h), which is compatible with the time needed for most intact antibodies to reach optimal 

biodistribution and target-to-non target ratio. Moreover, 
89

Zr unlike iodine is a residualizing 

isotope, which is trapped inside the cell after antibody internalization (Vugts 2011). The 

antibody radiolabelling with 
89

Zr can be achieved through various types of bifunctional 

chelating agents, such as a bifunctional derivative of desferrioxamine B (Df-Bz-NCS)
§§

. 

These chelate agents have two functionalities: one functional portion that chelates the metallic 

radionuclide and the other one is a reactive functional group that covantly binds the antibody. 

Generally, the antibody is first, functionalized with the chelate agent, and the radiometal is 

then added to form the final conjugate. Different procedures have been developed for 

antibody labelling with 
89

Zr. The simplified two-step procedure (Vosjan 2010) produces a 

                                                 
§§

 Df-Bz-NCS : p-isothiocyanatobenzyl-desferrioxamine B 
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quantitative 
89

Zr-complexation of cetuximab
***

 and provides a reproducible chelate:mAb ratio 

of 1.5:1 using only a three molar excess of Df-Bz-NCS (Perk 2010). Such a low chelate:mAb 

ratio should avoid the alteration of the antibody pharmacokinetics and the antibody 

immunoreactivity. Briefly, 
89

Zr is produced through the irradiation of natural yttrium via 

89
Y(p,n)

89
Zr reaction, followed by purification using affinity chromatography on an 

hydroxamate functionalized column (Meijs 1994). The antibodies are first conjugated with 

Df-Bz-NCS, followed by purification using gel filtration chromatography. The isothiocyanate 

group of the chelate agent forms a thiourea bond with a primary amine of the antibody lysine 

groups at pH 9. Next, the functionalized antibody is labelled by adding 
89

Zr at neutral pH 

(
89

Zr-Df-Bz-NCS-mAbs), followed by purification using gel filtration chromatography 

(Figure 5). The chelate agent chosen is the desferrioxamine B (Df). It is the only chelate agent 

identified up to now that forms stable complexes with 
89

Zr. The Df chelate consists of three 

hydroxamate groups that chelate 
89

Zr
4+

 and result in 6-coordinated zirconium complex, which 

is stable in vivo (Holland 2010, Meijs 1992). Moreover, no adverse reactions, such as 

immunogenic responses were observed after the injection of Df-containing conjugates 

(Borjesson 2006). Finally, 
89

Zr-Df-Bz-NCS-mAb can be best stored at 4 °C in sodium acetate 

buffer in the presence of the antioxidant gentisic acid (Perk 2010). 

 

Figure 5: General scheme illustrating the monoclonal antibody modification with Df-Bz-NCS [step 1] and 

subsequent labelling with 
89

Zr [step 2] (Vosjan 2010). 

                                                 
***

 Cetuximab : anti-EGFR mAb (Erbitux
®
) 
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5. In vivo explorations in mice 

Different methods are dedicated to in vivo explorations of the distribution profile of tracers 

in mice and for the quantitative determining of the tracer uptake by the tissues. 

5.1. Invasive ex-vivo studies  

The tracer, such as radiolabelled mAbs, is injected intravenously into mice, which are 

killed and dissected at different times after injection. The organs and tissues are collected, 

weighed and counted using a radioactivity counter. The radioactivity uptake can be expressed 

as a percentage of the injected dose per gram of tissue (%ID g
-1

), and as a tumor-to-blood 

ratio (T/B). This conventional ex-vivo study requires more experimental animals, longer time 

for tissue isolation, and results in longer time for data analysis compared with imaging 

modalities, which allow repeated and rapid acquisitions of data from the same animal over 

time.  

5.2. Noninvasive in vivo studies: anatomic and functional imaging  

Since over three decades, the RID is performed by using planar gamma cameras, single 

photon emission computed tomography (SPECT) or positron emission tomography (PET). 

These imaging modalities enable to explore in vivo physiological functions based on radiation 

originating from radionuclides, which are injected to patients in tracer amounts. The 

radioimmunoscintigraphy, the SPECT and the immuno-PET techniques are based on 

radiolabelled monoclonal antibody imaging, through antigen identification on a cellular level 

and thanks to the high specific antigen-antibody recognition. Thus, these imaging techniques 

have the potential to impact significantly on patient care because they detect antigens on a 

cellular level and differ fundamentally from anatomic imaging modalities, such as computed 

tomography (CT), ultrasound and magnetic resonance imaging (MRI), which identify the 

gross morphological changes. Moreover, the RID has shown a good potential to identify 

primary tumours and metastases that have not been found with anatomic imaging techniques. 

a. Single-photon emission computed tomography (SPECT) 

The γ-ray photons emitted from in vivo administered radiotracer penetrate through the 

subject’s body and are detected by a collimated radiation detectors that is often NaI(TI) 

scintillation detectors. The projection data are acquired from different views around the 

subject. The SPECT imaging provides a three-dimensional visualization of the radiotracer 
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distribution within the body. It involves the detection of a single γ-ray emitted from 

radionuclides as opposed to PET imaging, which detects two coincident 511 keV annihilation 

photons. SPECT imaging requires the collimation of γ-rays emitted from the object. The 

collimator is placed in front of the NaI(Tl) scintillation crystal and serves as a lens in an 

optical system. It contains hundreds of small holes (parallel, diverging or converging; high 

sensitivity; low resolution) or a limited number of pinholes (low sensitivity; high resolution), 

which allow photons to travel to the crystal (Figure 6). 

 

Figure 6: Schematic principle of SPECT 

(Adapted from http://www.med.lu.se/bioimaging_center/modalities/pet_spect_ct/basic_principles). 

Although PET imaging is more sensitive than SPECT modality, the latter offers 

advantages, such as broad availability, and lower costs of radioisotopes and γ-scanning 

instruments. In addition, since SPECT radionuclides emit photons with different energies, 

several biomarkers can potentially be distinguished at the same time, as opposed to PET 

radionuclides which all emit the same energy photons of 511 keV. 

b. Positron emission tomography (PET)  

The administered radionuclide decays by emission of a positron (β
+
). After travelling at 

most a few millimeters in tissue, the β
+
 collides with an electron, and their mutual annihilation 

results in two γ-photons.  The PET scanner is based on the detection of these high energy two 

collinear γ-rays (511 keV), which are simultaneously localized within a very short time by 

opposing detectors that correspond to multiple rings of scintillation crystals. By collecting a 

statistically significant number of radioactive events, mathematical algorithms reconstruct a 

http://www.med.lu.se/bioimaging_center/modalities/pet_spect_ct/basic_principles
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three-dimensional image, revealing the distribution of the β
+
-emitting tracer in the tissues 

(Figure 7). 

 

Figure 7: Schematic principle of PET: a positron-emitter emits a positron (β
+
) in the decay process. The β

+
 

travels a short distance and collides with one of the surrounding electrons. Then, the β
+
 and the electron rapidly 

annihilate: its mass is converted into two γ-photons of 511 keV, which are emitted simultaneously at 

approximately 180° to each other. If these two photons hit the detectors on opposite sides almost at the same 

time and are detected as a coincidence event, the line along which the annihilation occurred is known. By 

surrounding the subject with many detectors, the annihilation photons, emitted in a large volume and in many 

angles, can be detected (Adapted from http://www.med.lu.se/bioimaging_center/modalities/pet_spect_ct/basic_principles). 

The PET imaging has the additional advantages of being fully quantitative and providing 

higher spatial resolution than SPECT technique. However, the limitation of PET imaging is 

the requirement for a cyclotron to generate PET radionuclides and the high cost. 

c. Computed tomography and dual mode imaging  

X-ray computed tomography (CT) is a radiological method of observing internal organs in 

a noninvasive manner in order to obtain high quality volumetric images. CT enables to 

visualize the tissue density differences that provide image contrast owing to X-ray attenuation 

between soft tissues and dense bones. When passing through the body, the energy of X-ray 

beams is absorbed. This attenuation depends on the type of tissue. For instance, the bone 

attenuation is high and the bones appear in white, while the air in lungs appears in black. The 

other tissues are represented by various shades of gray (Figure 8).  

http://www.med.lu.se/bioimaging_center/modalities/pet_spect_ct/basic_principles
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Figure 8: The principle of CT with an X-ray source and a detector rotating synchronously around the subject. 

The tomographic imaging consists of directing X-rays towards an object from multiple orientations and to 

measure the decrease in X-ray intensity along a series of linear paths. This decrease is characterized by Beer's 

Law, which describes the intensity reduction as a function of X-ray energy, path length and material linear 

attenuation coefficient. A specialized algorithm is then used to reconstruct the distribution of X-ray attenuation 

in the volume being imaged (Accessed at http://www.med.lu.se/bioimaging_center/modalities/pet_spect_ct/basic_principles). 

The limitation of nuclear imaging is the lower resolution compared to other molecular 

imaging systems, such as MRI. However, this constraint is being addressed by introducing CT 

fusion systems (PET/CT or SPECT/CT). These hybrid imaging systems integrate the lower-

resolution molecular information from PET or SPECT with the higher-resolution anatomical 

detail from CT to obtain complimentary functional and anatomical informations into a single 

image (Figure 9).  

 

Figure 9: SPECT/CT coregistration of 
99m

Tc-MDP Bone Scan  

(Accessed at http://www.umassmed.edu/saicf/petctimages.aspx).

http://www.med.lu.se/bioimaging_center/modalities/pet_spect_ct/basic_principles
http://www.umassmed.edu/saicf/petctimages.aspx
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II. Cancer targets addressed in the thesis 

1. Epidermal growth factor receptor (EGFR) 

Epidermal growth factor receptor (EGFR) is a member of the ErbB family of tyrosine 

kinase receptors (RTKs). EGFR is a transmembrane glycoprotein, which is present at the cell 

surface and which has an extracellular ligand-binding domain and an intracellular tyrosine 

kinase domain. EGFR is activated by several receptor-specific ligands, such as epidermal 

growth factor (EGF) and transforming growth factor-α (TGF-α). After ligand binding, the 

receptor forms homo- or heterodimeric complex, activating the tyrosine kinase domain and 

the autophosphorylation (Yarden 2001, Olayioye 2000). Subsequently, the intracellular 

proteins involved in the signalling pathways are phosphorylated and activated, resulting in the 

modulation of gene transcription (Schlessinger 2000). EGFR plays an essential role in 

regulating a number of cellular processes, including cellular proliferation, differentiation, 

survival and migration (Hynes 2001). The dysregulation of the EGFR activity is therefore 

associated with tumorigenesis and makes EGFR as one of the most frequent implicated cell-

surface marker of human cancer (Kuan 2001). Indeed, the overexpression of EGFR may occur 

in a wide range of epithelial tumours, including but not limited to those of breast, colon, head 

and neck, kidney, lung and prostate cancer (O’Dwyer 2002, Herbst 2002). EGFR is thus 

involved in malignant transformation and tumour growth through cell proliferation, in 

inhibition of apoptosis, in promotion of angiogenesis and metastasis (Zandi 2007). Therefore, 

EGFR is a rational target for antitumour strategies (El-Rayes 2004).  

There are two classes of agents targeting EGFR: mAbs and low MW tyrosine kinase 

inhibitors (TKIs). MAbs directed against EGFR are the most common approach to inhibit the 

EGFR signalling in the anticancer therapeutic context and can be combined with cytotoxic 

chemotherapy in several tumour types. The anti-EGFR mAbs bind to the extracellular domain 

of EGFR and inhibit the ligand binding to the receptor (Sato 1983). After EGFR binding, the 

antibodies induce the receptor dimerization and inhibit the receptor phosphorylation and 

subsequent downstream signalling pathways (Li 2005). Therefore, the anti-EGFR mAbs have 

an antiproliferative effect on cancer cells expressing EGFR through cell cycle arrest in G1 

(Harari 2004, Narita 2001, Goldstein 1995), apoptosis enhancement (Janmaat 2003) and 

angiogenesis inhibition (Luwor 2005, Petit 1997) (Figure 10). 
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Figure 10: Simplified illustration of the EGFR pathways, highlighting the potential downstream cellular and 

tissue effects of inhibited EGFR by mAbs (Adapted from Harari 2004 and 2000).   

Currently, two mAbs targeting EGFR (cetuximab (Erbitux
®
)
 

and panitumumab 

(Vectibix
®
)) are approved for the treatment of metastatic colorectal cancer; and additional 

mAbs are in clinical development for various indications (Rivera 2008). It has been reported 

that cetuximab, a chimeric human-mouse mAb, increases the survival in patients with 

advanced colorectal cancer, when administered in combination with irinotecan and 

fluorouracil (Van Cutsen 2009). Cetuximab has also an indirect antitumour effect through 

antibody-mediated engagement of immunologic effector cells via FcγR binding, resulting in 

ADCC response (Kurai 2007). Moreover, cetuximab has been implicated in the acceleration 

of the EGFR internalization and mimics the ligand-induced endocytosis and the degradation 

of active EGFRs (Prewett 1996). Normally, the natural ligand binding to EGFR induces a 

rapid internalization, which is followed by recycling of the receptor to the cell surface or its 

degradation in lysosomes, depending on the signal intensity and the cellular context (Huang 

2006 [a], Barbieri 2000, Sorkin 1991). The susceptibility of EGFR to undergo the 

internalization and the degradation after antibody binding differed among cancer cell lines. 

The lack of a sufficient internalization and degradation of EGFR may explain the partial 

resistance to anti-EGFR mAbs therapy. Moreover, the endogenous ligands continue to 
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compete with anti-EGFR mAbs for binding to EGFR at the cancer cell surface, resulting in 

treatment desensitization or resistance (Pedersen 2010). Furthermore, the limited penetration 

of antibodies through tumour tissue is also an important cause of therapy resistance. The mAb 

distribution from blood vessels within the tumour depends on the antibody diffusion and/or its 

convection, and is inhibited by the consumption in proximal cells (Lee 2010, Thurber 2008). 

Therefore, the blood vessel targeting, and particularly the tumour angiogenesis may constitute 

a good alternative to overcome the poor distribution of some anticancer drugs in solid tumors. 

2. Endoglin (CD105) 

Endoglin, also known as CD105, is an auxiliary receptor for transforming growth factor-β 

(TGF-β). It is a homodimeric transmembrane glycoprotein with a short intracellular domain, 

which presents several potential phosphorylation sites that are phosphorylated by TGF-β 

receptor kinase, and a large extracellular region (Bernabeu 2007, Gougos 1990, Haruta 1986). 

There are two isoforms of CD105 characterized in human and murine tissues, termed long 

(L)- and short (S)-endoglin, which differ in their cytoplasmic domain and in their pattern of 

tissue distribution. The L-endoglin is the most abundantly expressed form in mouse tissues 

and is also the predominant form in endothelial cells (ECs), while the S-form is expressed in 

liver and lungs at significant levels (Pérez-Gómez 2005). Endoglin is a cell surface protein 

that interacts with TβR type I or TβR type II to form TGF-β receptor complex, which is 

activated by several receptor-specific ligands belonging to the TGF-β superfamily, such as 

TGF-β1 and TGF-β3 (Guerrero-Esteo 2002). The level of CD105 expression on ECs can 

affect the response of ECs to TGF-β, modulating their proliferation. It has been proposed that 

within this complex, CD105 regulates its own phosphorylation status, and subsequently 

modulates the TGF-β signalling pathways. Endoglin is expressed on vascular ECs, and is 

overexpressed in proliferating ECs of tissues undergoing angiogenesis, such as regenerated 

and inflamed tissues or tumours (Wikstrom 2002, Fonsatti 2000, Miller 1999, Burrows 1995). 

A number of studies have reported the involvement of CD105 in the physiologic generation of 

blood vessels and in the development of tumour-associated angiogenesis (Bernabeu 2009, 

Bernabeu 2007). In ECs, two pathways with opposite effects have been identified and 

activated by TGF-β after CD105-TβR type II association. The TGF-β/ALK5 pathway induces 
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Smad
*
 2/3 phosphorylation, while the TGF-β/ALK1 pathway promotes Smad 1/5 

phosphorylation. The latter pathway promotes the EC proliferation, the migration and the tube 

formation, while the first pathway inhibits these cellular responses to TGF-β and induces the 

EC quiescence. Upon activation, the phosphorylated Smad 2/3 and Smad 1/5 assemble with 

Smad 4 to form a complex that accumulates in the nucleus, binds to DNA together with other 

DNA binding transcription factors, and regulates the transcription of target genes (Goumans 

2009, Lebrin 2004, Goumans 2002) (Figure 11). 

 

Figure 11: A schematic hypothetical role of endoglin (CD105) in TGF-β/ALK1 and TGF-β/ALK5 signalling 

pathways in endothelial cells (ECs) (Fonsatti 2010). 

Endoglin is highly expressed in tumour-associated endothelium in many solid cancers, 

including breast, prostate and cervical cancer (El-Gohary 2007, Beresford 2006, Wikström 

2002, Brewer 2000). It must be mentioned that endoglin may also be abundantly expressed in 

some cancer cells, such as melanoma (Sun 2008, Hussein 2005) and choriocarcinoma cells 

(Letamendía 1998). Furthermore, the vascular density, determined using the anti-CD105 

mAbs, is correlated with the prognosis of breast cancer patients (Kumar 1999), the risk of 

developing metastatic disease in colorectal cancer (Romani 2006) and the recurrence of 

                                                 
* Smad: intracellular proteins, which act as effectors of TGF-β signalling pathways by transducing signals from 

TGF-β superfamily ligands upon the activation of receptor serine/threonine kinases. 
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malignancy of head and neck squamous cell carcinoma (Marioni 2010). Recently, several 

studies have indicated that CD105 represents a more specific and sensitive marker for tumour 

angiogenesis and tumour progression than the commonly used pan-endothelial markers, such 

as CD34 and CD31 in various types of human malignancies, such as breast carcinoma, 

colorectal carcinoma and non-small cell lung cancer (Charpin 2004, Li 2003, Tanaka 2001, 

Kumar 1999). Moreover, the CD105 targeting by using anti-CD105 mAbs is an 

antiangiogenic therapy based on attacking blood vessels, each of them supporting thousands 

of cancer cells in the tumour mass, in addition to directly attacking cancer cells that 

overexpress CD105 (Carmeliet 2011). Indeed, the direct targeting of angiogenic ECs is 

emerging as an attractive approach to cut down the blood supply of oxygen and nutrients to 

neoplastic cells in the tumour mass.  By attacking blood vessels, these antiangiogenic agents 

inhibit the recruitment of the new blood vessels by tumours, and regulate the metastatic 

capabilities of tumours (Figure 12).  

 

Figure 12: The concept of antibody-based tumour vascular targeting. The targeted compound is injected 

intravenously and homes to the tumour-specific vascular antigen, resulting in drug localization at the tumour site. 

The vascular antigen, such as endoglin, is expressed on the luminal surface of endothelial cells (ECs). ECM: 

extracellular matrix (ECM) (Schliemann 2007). 

The expression of CD105 on cells directly exposed to the bloodstream (ECs) enables to 

overcome difficulties observed with large-sized mAbs to reach neoplastic target cells, which 

are in most cases away from the bloodstream. The mechanisms of action of anti-CD105 mAbs 

combine among others, the inhibition of TGF-β signalling pathways and subsequently EC 
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proliferation, the direct killing of target cells through the activation of immunologic 

mechanisms, such as ADCC response, and the delivery of therapeutic agents at tumour sites, 

such as antibodies labelled with cytotoxic radionuclides (Figure 13).  

 

Figure 13: An overview of possible mechanisms of action of therapeutic anti-CD105 mAbs  

(Adapted from Maio 2006). 

 In the last few years, significant advances have been made regarding the biology of 

CD105 in cancer, enabling to identify the potential advantages and limitations of CD105 

targeting in diagnosis as well as in therapy (Table 1).  

Strengths Limitation 

Optimal accessibility of targeted site from the bloodstream: 

- without need of extravasation 

- with direct binding to the receptors after intravenous injection 

Presence of soluble form of CD105 

Selective toxicity independent from the antigen expression on 

neoplastic cells and thanks to the CD105 overexpression on tumour 

endothelia as compared to normal endothelium 

Decrease of the risk of emerging resistance thanks to the genetically 

stability of endothelial cells as compared to tumour cells 

No tumour-histotype specificity: most of endothelial cell markers are 

expressed whatever the tumour type 

Amplified effect: since targeting a single blood vessel leads to the 

death of several tumour cells, which are all dependent to this targeted 

blood vessel 

Table 1: Potential advantages and limitations of CD105 targeting (Adapted from Fonsatti 2010). 
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Several in vitro and in vivo preclinical studies have strongly supported the use of mAbs 

directed against CD105 overexpressed on tumour-associated endothelia, both for imaging and 

therapy (Appendix 4). Moreover, multicenter clinical trials are in progress and their results 

may validate CD105 as a novel target for cancer treatment (Rosen 2012) (Table 2).  

Phase (Sponsor) Treatment Cancer indication Main purposes 

I/II (NCI) 
Anti-CD105 mAbs (TRC105) + 

bevacizumab (Avastin®) 

Recurrent glioblastoma 

multiforme 

- MTD establishment (phase I) 

- Assessment of safety and 

adverse events (phase II) 

- Efficacy assessment as measured 

by progression-free survival of 

the combination compared to 

bevacizumab alone (phase II) 

II (NCI) 
Anti-CD105 mAbs (TRC105) 

+ bevacizumab (Avastin®) 

Metastatic kidney 

cancer 

- Comparison of the progression-

free survival at 12 and 24 weeks 

under bevacizumab alone or in 

combination with TRC105 

- Toxicity and RECIST response 

rate for the combination compared 

to bevacizumab alone 

I (Tracon 

Pharmaceuticals Inc.) 
Anti-CD105 mAbs (TRC105) 

+ bevacizumab (Avastin®) 

Advanced or metastatic 

solid cancer 

Safety/tolerability assessment and 

MTD establishment 

I/II (Tracon 

Pharmaceuticals Inc.) 
Anti-CD105 mAbs (TRC105) 

+ capecitabine (Xeloda®) 

Progressive or recurrent 

metastatic breast cancer 

Safety/tolerability assessment and 

MTD establishment 

Table 2: Illustrative examples of some human studies undergoing clinical trials for the efficacy assessment of 

anti-CD105 mAbs in cancer management. NCI: National Cancer Institute, MTD: maximum tolerated dose, 

bevacizumab: anti-VEGF humanized mAbs, RECIST: Response Evaluation Criteria in Solid Tumors (Accessed 

at www.clinicaltrials.gov). 

Despite the promising antitumour effect of anti-CD105 mAbs, the tumours may still 

become resistant to antiangiogenic therapies (Mitchell 2010). Therofore, the combination of 

antiangiogenic agents with conventional cytotoxic agents or radiation therapy, may results in 

additive or synergistic antitumour effects (Gasparini 2005). Moreover, other approaches using 

anti-CD105 mAbs conjugated to cytotoxic compounds, such as immunotoxins or 

radioantibodies are effective for suppression of tumour growth (Tsujie 2008, Tsujie 2006, 

Takahashi 2001, Tabata 1999, Matsuno 1999, Seon 1997) and metastasis (Uneda 2009). 

Finally, although anti-CD105 mAbs are used successfully as intrinsic therapeutic agents, they 

can also be exploited as targeting agents. Within this context, the antibody-targeted 

nanomaterials, and particularly antibody-functionalized gold nanoparticles, may represent an 

interesting combined approach for improving the efficacy of the standard inhibitors of 

angiogenesis thanks to the additional therapeutic properties of gold nanoparticles.

http://www.clinicaltrials.gov/
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III.  Nanoparticle drug delivery systems 

1. Overview of nanoparticle properties 

The field of nanothechnology is currently undergoing important development on many 

fronts. A wide variety of nanoparticles (NPs) have been investigated in the last few years in 

order to explore their potential as nanoparticle-based cancer therapeutics, and as molecular 

imaging agents (Nune 2009). NPs show a potential in noninvasive tumour imaging, in early 

detection and in drug delivery, while exhibiting optical, magnetic and structural properties 

that are not common for conventional molecules. NPs are defined as nanometer size scale 

complex systems ranging from 1 to 100 nm (The Royal Society and the Royal Academy of 

Engineering, 2004). NPs over other systems show many advantages because of their unique 

pharmacokinetics, vast surface area, diverse surface chemistry, which enables surface 

modifications for further conjugation, and the possibility of encapsulation of large amounts of 

therapeutic agents. Moreover, they can combine several functionalities and target specifically 

the tumours (Sajja 2009). Finally, NPs can be classified into two groups, organic NPs, such as 

lipid-based NPs, and inorganic systems, such as gold nanoparticles. 

2. Gold nanoparticles (AuNPs) 

Gold nanoparticles (AuNPs) are emerging as interesting tools in many biomedical 

applications thanks to their unique chemical, physical and optical properties. The gold 

represents an attractive metal for nanoparticle development due to its biocompatibility, 

inertia, extreme resistance to oxidation, convenient surface functionalization, high absorption 

coefficient and high physical density (Z = 79, ρ = 19.32 g cm
-
³). Moreover the colloidal 

AuNPs are available in a variety of different sizes and shapes, and are widely used for 

biomedical applications. This section addresses exclusively spherical AuNPs but it must be 

mentioned that there is a variant of metallic AuNPs, called nanoshells. The nanoshells are 

nano-sized NPs consisting of a nonconducting silica core coated with a thin gold shell (Loo 

2005). By fine-tuning the thickness of the core and the shell, these metal-dielectric composite 

structures absorb and scatter specific wavelengths of light across the visible and NIR 

spectrum, and are used for cancer imaging (Sajja 2009). However, their primary use continues 

to be in thermal ablation therapy (O’Neal 2004).  
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2.1. Production 

There are robust and facile synthetic methods for producing AuNPs with a precise control 

of the particle size and shape (Murphy 2008, Sperling 2008). A large quantity of AuNPs in 

solution is often prepared by wet chemistry techniques. Alternative approaches implying 

physical methods were also developed. One can cite UV (Mallick 2001) or γ-irradiation (Choi 

2005), sonochemistry (Jin 2007, Park 2006), spark discharge method (Tseng 2008), low-

pressure techniques, such as physical vapour deposition (PVD) (Moreau 2009). Moreover, the 

AuNPs can be synthesized using relatively safe reagents, which is important, considering the 

emerging concerns about nanomaterial safety and toxicity for biomedical applications 

(Murphy 2008, Lewinski 2008). 

a. Wet chemical method 

The wet chemistry provides well-known tools enabling both synthesis and surface 

modifications of AuNPs. Spherical AuNPs with precise size can be synthesized in aqueous or 

organic solvents (Daniel 2004). In general, the reduction of gold salts, such as AuCl4
-
, leads to 

the nucleation of gold atoms (Kimling 2006, Frens 1973, Turkevich 1951). The synthesis of 

AuNPs in aqueous medium typically uses reducing agents, either trisodium citrate that 

produces monodisperse particles with controlled diameter from 10 to 60 nm, or sodium 

borohydride that produces smaller particles with a diameter lower than 5 nm (Brust 1995, 

Brust 1994). The precisely control of the reducing agent concentration leads to the formation 

of small and uniform AuNPs. As AuNPs are not stable, a stabilizing agent is required through 

physically adsorption or chemically binding to gold surface. 

b. Physical vapour deposition method (PVD) 

Among other physical methods, AuNPs may be produced through PVD method (Limage 

2011, Dreesen 2009). This process enables to synthesize AuNPs with a mean diameter of 5 

nm (Moreau 2009). In this case, the synthesis of NPs is based on the aggregation of free gold 

atoms in ionized gas phase (plasma). Gold atoms are generated by magnetron sputtering of a 

gold target in argon atmosphere (Figure 14). This method produces NPs with a narrow size 

distribution on a flat surface (Bouchat 2011). AuNPs are deposited onto a salt layer (NaCl) in 

order to allow their subsequent transfer into a liquid solution and avoiding as much as 

possible their aggregation. Moreover, large quantities of AuNPs could be obtained by 
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repeating the deposition cycle. In addition, the unique features of plasma process make 

possible the nanoparticle surface functionalization. Indeed, the nanoparticle coating may be 

achieved by plasma polymerization of a monomer, such as plasma-polymerized allylamine 

(PPAA) (Moreau 2011, Lucas 2008). The amine functionalization of AuNPs provides many 

advantages, such as allowing the synthesis of antibody-conjugated gold nanoparticles. 

Moreover, when uncoated AuNPs aggregate immediately after being suspended in the liquid 

phase, coated AuNPs suspension shows a good stability, which could be explained by the 

strong hydrophilic character of the coating layer (Hamerli 2003). 

 

Figure 14: Schematic principle of physical vapour deposition technique (PVD), illustrating the synthesis of gold 

nanoparticles (AuNPs). RF: radiofrequency; DC: direct current; PPAA: plasma-polymerized allylamine; Ar: 

argon; Au: gold (Adapted from Bouchat 2011). 

2.2. Physical properties and biomedical applications 

The biomedical applications of AuNPs, especially in the area of cancer, are resulting from 

their photophysical properties that are used for the photodiagnostic and phototherapy. Further, 

the gold nanostructures provide a versatile platform to integrate diagnostic or therapeutic 

agents or both options for a theranostic approach. Thus, a multifunctional tool based on 

conjugating AuNPs with targeting ligands, therapeutic molecules and imaging contrast agents, 

holds an array of encouraging directions for cancer research. 
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a. Photophysical properties of gold nanoparticles 

When a metal nanoparticle is exposed to light, the oscillating electromagnetic field of the 

light induces a collective coherent oscillation of the free electons of the metal (Huang 2010). 

The collective excitations of conductive electrons in metals are called “plasmons” (Kreibig 

1995). The coherent oscillation of the free electrons in resonance with the electromagnetic 

field is called the surface plasmon resonance (SPR). The energy loss of electromagnetic wave 

after passing through a matter results from absorption and scattering processes. Due to the 

SPR oscillation, the light absorption and scattering are strongly enhanced for AuNPs, 

compared with those of the most strongly absorbing organic dye molecules and the most 

strongly fluorescent molecules. The radiative properties of AuNPs (absorption and scattering 

properties) are largely dependent on the size, shape and structure of nanoparticles (Huang 

2010, Link 2003, El-Sayed 2001, Link 2000, Link 1999).  

The optical properties of spherical AuNPs are determined by their SPR light-scattering, 

which is localized in the visible spectral region at approximately 520-530 nm. This is the 

origin of the brilliant red colour of AuNPs in solution (Dykman 2012). In addition to the 

enhanced and tunable radiative properties, AuNPs can convert the absorbed light into heat via 

nonradiative processes (Huang 2010). Indeed, AuNPs are very photostable and represent a 

new generation of contrast agents for photothermal therapy (PTT). The PTT of cancer using 

AuNPs is based on the high efficient and localized light-to-heat conversion, which should be 

sufficient to induce cellular damage via thermal effects (Huang 2010). The exact physical 

basis of heat generation by AuNPs is not entirely clear and is under active investigation 

(Raoof 2011). 

b. Gold nanoparticles as contrast agents 

The strongly enhanced SPR light-scattering of AuNPs may be used for imaging 

applications. Because the light scattered from AuNPs is in the visible region of the 

electromagnetic spectrum in accordance with their plasmon band, it is possible to optically 

track the position of individual NPs, paving the way for cellular imaging in sensing strategies 

(Murphy 2008, El-Sayed 2005, Raub 2004, Sokolov 2003 [a]). The radiative properties of 

AuNPs make them detectable in a visible light microscope. Moreover, AuNPs have emerged 

as colorimetric biosensors in diagnostic through the agglomeration-based sensing. The assay 

is based on a change in colour resulting from a change in the plasmon resonance frequency, 



Introduction 

-36- 

which depends on the average distance between AuNPs (Zhao 2008) (Figure 15). Indeed, 

during the formation of nanoparticle agglomerates, the colour changes from red to purple or 

blue. During dispersion of agglomerates, the reverse colour change is observed. Further, the 

AuNPs biosensing is also based on changes in local refractive index due to chemical binding, 

such as the interaction between NPs containing receptors when an anti-receptor is added 

(Elghanian 1997). Finally, metallic NPs, and particularly AuNPs, possess a potential as X-ray 

contrast imaging agents owing to their potent X-ray absorption (Kim 2007, Hainfeld 2006). 

Thus, the rich surface chemistry and the absorption capacity of AuNPs have triggered interest 

for their use in X-ray CT imaging applications. 

 

Figure 15: Colloidal gold suspensions of various nanoparticle sizes  

(From Dr. Irawati Kandela, University of Wisconsin, BBPIC laboratory). 

c. Gold nanoparticles as therapeutic agents 

AuNPs could potentially play a role in cancer therapeutics. They can be used as drug 

delivery vectors to improve the delivery of anticancer drugs, such as water-insoluble 

photosensitizers for photodynamic therapy (PDT). They can also produce heat on exposure to 

UV, NIR radiations or RF energy, and hence provide the possibility to kill cancer cells 

through PTT. Finally, gold-based therapies may combine more than one treatment for creating 

a more aggressive and effective strategy against cancer through the enhancement of damages 

induced by associated radiation or anticancer drugs (Brown 2010, Chithrani 2010) (Figure 16 

and Table 3). 



Introduction 

-37- 

 

 

 

 

 

 

Figure 16: The possibility of combined therapies for effective therapeutics of cancer. Gold nanoparticles 

(AuNPs) are at the center of attention since they can be used for improving targeting, as anticancer drug 

enhancers through sensitizing to radiation or delivering of drugs, and for generating of heat (Adapted from 

Jelveh 2011 and Ghosh 2008 ). 

 Gold nanoparticles as drug carriers 

Functionalized AuNPs may be used as delivery vehicles to improve the dose delivery of 

cytotoxic or biologic agents to target tissues. They are good drug-delivery scaffolds because 

they are known to be biocompatible (Connor 2005). In addition, AuNPs can also be easily 

functionalized with targeting molecules and have shown an excellent potential for the targeted 

delivery of drugs. Based on recent studies, it is clear that AuNPs can enhance the therapeutic 

effects of some delivered drugs (Table 3). 
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Author Treatment Study type Tumour type Effects 

Brown 2010 
AuNPs conjugated to 

cisplatin 
in vitro 

A549 lung epithelial 

cancer cell line, 

HCT116, HCT15, 

HT29, RKO colon 

cancer cell lines 

↑ cytotoxicity of cisplatin 

Libutti 2010 

AuNPs conjugated to 

TNF-α (CYT-6091, 

Aurimune®) phase I 

clinical study 

in vivo 

(n = 30 patients) 

Melanoma, 

colorectal, lung and 

pancreatic 

adenocarcinomas 

Improving the safety of higher doses 

of TNF- α 

Zheng 2009 

AuNPs conjugated to 

DNA-cisplatin complex + 

radiation 

in vitro - 
Selective radiation sensitization 

 

↑ double-strand breaks of DNA 

Patra 2008 

AuNPs conjugated to 

cetuximab and 

gemcitabine 

- in vitro 

- in vivo (mice) 
Pancreatic cancer 

↑ inhibition of tumour cell 

proliferation 
 

↑ inhibition of tumour growth 

Visaria 2006 

Visaria 2007 

AuNPs conjugated to 

TNF-α 

+ hyperthermic therapy 

in vivo (mice) 
SCK mammary 

carcinoma 

Selective thermal sensitization 
 

↑ survival rate 
 

↓ administered dose of TNF-α and 

side effects 

Paciotti 2004 
AuNPs conjugated to 

TNF-α 
in vivo (mice) 

MC-38 colon 

carcinoma 

↑ tumour uptake, ↑ antitumour effect 
 

↓ non-specific uptake 
 

↓ administered dose of TNF-α and 

side effects 

Table 3: Illustrative examples of some in vivo and in vitro studies using gold nanoparticles (AuNPs) conjugated to 

cytotoxic drugs. TNF-α: tumour necrosis factor-α. 

Finally, AuNPs have been identified as a promising delivery platform for PDT agents and 

are also used to increase the efficacy of PDT. Indeed, the lack of solubility under 

physiological conditions constitutes a significant problem for intravenous PDT drug delivery. 

The PDT technique is based on the activation of photosensitizing agents with light of an 

appropriate wavelength (600-700 nm) and in the presence of oxygen. The light-mediated 

excitation of PDT agent results in the generation of reactive oxygen species (ROS) that 

damage the tumour tissue (Juarranz 2008, Dolmans 2003). The PDT agents conjugated to 

AuNPs represent an interesting tool with great versatility since it allows drug delivery, cancer 

therapy and monitoring of the delivery process in mice thanks to the optical properties of 

AuNPs (Cheng 2008). 
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 Gold nanoparticles for photothermal therapy (PTT) 

PTT is defined as the ability to achieve hyperthermic temperatures of up to 42 °C, which 

can cause irreversible damages to the target tissue, render cancer cells more susceptible to the 

effect of radiation, and cause apoptosis to some extent. A local heating at the level of gold 

nanoparticle-labelled cells is produced through a local irradiation, killing cancer cells without 

harming surrounding healthy tissues. The interaction of light and AuNPs for subsequent 

heating of the local environment depend on the wavelengh of light radiation, which should 

strongly overlap with the nanoparticle SPR absorption band. Recent studies have shown that 

AuNPs could effectively damage the targeted tumour tissue when irradiated with wavelengths 

around their absorption peak (El-Sayed 2006, Pitsillides 2003, Zharov 2003). Indeed, AuNPs 

can be synthesized with different sizes and shapes to tailor the absorption wavelength for 

generation of heat (Khlebtsov 2008, Khlebtsov 2006, Myroshnychenko 2008, Harris 2006). 

For example, the SPR light absorption of spherical AuNPs is in the visible region. Thus, PTT 

using spherical AuNPs can be achieved with visible laser, which has a shallow penetration 

depth in tissue. Such treatment is only suitable for superficial cancers, such as skin tumours.  

By changing the shape of AuNPs from sphere to rods or nanoshells, there is a shift of their 

SPR absorption to NIR region (650-950 nm) (O’Neal 2004, Hirsch 2003). For instance, 

typically, the nanoshells with a silica core diameter of about 120 nm and a 10 nm layer of 

gold shell can strongly absorb NIR light and create an intense heat that is lethal to cells. It 

must be mentioned that although focused lasers for thermotherapy were useful, the simple 

heating cannot discriminate between tumours and healthy tissues. For this reason, the 

nanoshells conjugated with targeting molecules may be employed to specifically recognize 

tumour cells (Loo 2005). Indeed, the NIR laser energy can pass through the healthy tissues 

without causing harm and can kill only the targeted tumour cells accumulating the NPs 

through inducing in vivo thermal cytotoxicity (Gobin 2007). The NIR thermoablation is also 

unsuitable for treating deeper organ-based cancers due to the significant attenuation of NIR 

light by tissues, but it has been successfully initiated for patients with oropharyngeal 

malignancies and melanoma (Cherukuri 2010).  

Finally, the use of radiofrequency energy to produce photothermal toxicity is not limited 

by tissue penetration and hence allowing to treat deeper lesions, such as hepatocellular cancer 

(Raoof 2011). Previous studies using cetuximab-conjugated gold nanoparticles have shown 
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cytotoxicity after radiofrequency field treatment.  Indeed, cetuximab- conjugated gold 

nanoparticles are internalized in cancer cells through endocytosis with subsequent 

intracellular heat release and without toxicity to bystander cells that did not take up these 

immunonanoconjugates (Cherukuri 2010, Glazer 2010 [a], Curley 2008). 

 Gold nanoparticles as sensitizers in radiation therapy 

Radiotherapy is a major modality in cancer treatment. Recently, AuNPs are being used as 

sensitizers in radiation therapy. Previous studies tried to explain the gold-based sensitization 

mechanisms and hypothesised that the following effects can be combined to cause this 

phenomenon: enhanced localized X-ray absorption by AuNPs, effective release of low-energy 

electrons from AuNPs, and efficient deposition of energy in water as oxygen radicals and free 

electrons through creating more radicals by released electrons (Carter 2007) (Figure 17). It 

must be mentioned that AuNPs were in close proximity to DNA in these studies. The exact 

mechanisms of cell damage, when AuNPs are localized in the cytoplasm, and thus away from 

DNA, are not yet known (Jelveh 2011). 

 

Figure 17: Hypothetical mechanisms of radiation induced DNA damage in the presence of gold nanoparticles 

(AuNPs). AuNPs interact with hard X-ray radiation in aqueous solution (enhanced localized X-ray absorption by 

AuNPs). A localized energy deposition with nanometer precision is obtained from low-energy electrons released 

by AuNPs. Blue spheres: radicals distributed evenly and generated from electrons produced in water; red 

spheres: radicals concentrated near AuNPs and generated from Auger electrons, secondary electrons and 

photoelectrons, which are produced by AuNPs; AuNP diameter: 3 nm; SSB: single-strand breaks of DNA 

(Carter 2007). 
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Several in vitro studies open the way to the possible improve of cancer irradiation therapies 

by using AuNPs (Liu 2010, Butterworth 2010, Rahman 2009, Kong 2008). For example, 

exposure cells 1 h to 1.9 nm AuNPs (10 or 100 µg ml
-1

) prior to 4 Gy X- irradiation induces 

cellular cytotoxic response of a range of cell lines (MDA-231-MB and DU-145), including 

decreased clonogenic survival, increased apoptosis and induction of DNA damage which may 

be mediated through the production of reactive oxygen species (Butterworth 2010). These 

findings were confirmed by in vivo studies, which showed a tumour regression after X-ray 

irradiation of mice receiving intravenous injection of AuNPs (Hainfeld 2010, Chang 2008, 

Hainfeld 2004). For instance, B16F10 tumor-bearing mice received 13 nm AuNPs in 

conjunction with ionizing radiation (25 Gy, 24 h after injection) and showed significant 

delayed tumour growth and prolonged survival compared to the radiation alone (Chang 2008). 

It is believed that AuNPs localized into tumours enhance the X-rays absorption and 

subsequent cell damages (Brun 2009, Montenegro 2009). Indeed, recent studies have shown 

that there is an enhancement in radiosensitization when AuNPs are internalized in cancer cells 

(Chithrani 2010, Butterworth 2010, Rahman 2009, Kong 2008). The radiation enhancement 

factor seems to be dependent on the size of AuNPs, their concentration and the cell type. 

Moreover, the nanoparticle size plays an important role in the nanoparticle uptake at the 

cellular level, which leads to sensitization properties (Chithrani 2010, Chithrani 2006). For 

example, a recent study compared AuNPs from 14 to 74 nm and showed the highest level of 

cellular uptake and radiosensitization enhancement with 50 nm AuNPs irradiated with 105 

kVp X-rays (Chithrani 2010). Furthermore, this study emphasized the need for optimization 

of nanoparticles in terms of size, shape and functionalization in order to achieve the highest 

level of radiation enhancement (Butterworth 2010, Chithrani 2010). In all these studies, the 

AuNPs accumulation into tumours is dependent on passive targeting through enhanced 

permeability and retention effect (EPR). Nevertheless, AuNPs can be surface modified for 

preferential and active targeting of cancer cells, which may lead to more radiosensitizing 

effect of AuNPs.  

2.3. Strategies of tumour targeting 

a. Enhanced permeability and retention effect (EPR) 

NPs are accumulating passively in tumours through the leaky vasculature present in the 

tumours and without the aid of exogenous targeting ligands (Greish 2007). This passive 
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phenomenon, named EPR effect, was discovered by Matsumura and Maeda (Maeda 2009, 

Maeda 2001 [a], Matsumura 1986). ECs of healthy blood vessels are bound together by tight 

junctions that prevent any large particle in the blood from leaking out of the vessel (Sajja 

2009). However, the tumour vessels are abnormal and present a high proportion of 

disorganized proliferating ECs, pericyte deficiency and aberrant basement membrane 

formation, leading to an enhanced vascular permeability (Danhier 2010, Hashizume 2000). 

The endothelial pores in leaky tumour vessels have sizes up to 600 nm (Schroeder 2012, 

Maeda 2011, Sarin 2010, Carmeliet 2000, Yuan 1995). Therefore, NPs having size less than 

endothelial pore size can rapidly enter into tumour sites from blood by extravasation, and are 

preferentially accumulated inside the interstitial space (Torchilin 2011, Pirollo 2008, Modi 

2006, Iyer 2006). However, the smallest NPs easily diffuse back out (Maeda 2001 [b]). EPR 

effect arises from the tumour production of vascular endothelial growth factor (VEGF), which 

promotes the angiogenesis, and from the lack of an effective lymphatic drainage system in 

tumours. Indeed, the poor lymphatic vessels in tumours or their non-functional state 

contributes to inefficient drainage of NPs from the tumour tissue. Thus, NPs entered into the 

tumour are not removed efficiently and are retained there (Figure 18). 

 

Figure 18: Shematic illustration of EPR effect: diffusion of low molecular weight (MW) molecules (i) and high 

MW molecules (ii) from the blood vessels into the intestitium of tumour tissue. The low MW molecules diffuse 

freely in and out the tumour blood vessels because of their small size and thus, their effective tumour 

concentration decreases after 1 h, when the high MW molecules cannot diffuse back into the bloodstream 

because of their large size, resulting in progressive tumour accumulation (Adapted from Iyer 2006). 
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b. Active targeting 

Despite the EPR effect that is favourable for the tumour localization of NPs of a given size, 

the effective uptake of NPs into the tumour mass and their homogeneous distribution may be 

limited because of the barriers created by the abnormal tumour physiology. Indeed many 

factors cause impairments regarding tumour accumulation of NPs, such as physically 

compromised vasculature, abnormal ECM, high interstitial fluid pressure (Heldin 2004, Jain 

1987), highly variable and chaotic structure of tumour vessels, erratic blood flow in tumour 

vessels, formation of intratumoral vessels (Padera 2004), and possible extravasation of NPs 

through the extravascular barriers but impossible penetration through the tumour ECM.  

For these reasons, the tumour targeting may be improved thanks to the surface 

modification of NPs. The ligands grafted at the NP surface, such as mAbs, allow the active 

targeting by binding to overexpressed receptors on cancer cells or on angiogenic ECs (Wang 

2010 [a]). The targeted NPs can be successfully used as tumour high specific probes, 

increasing the nanoparticle-tumour interactions and the selective accumulation through the 

cell internalization (Popovtzer 2008, Davis 2008, Byrne 2008, Weissleder 2005). In most 

cases, these ligand-receptor interactions result in efficient uptake of these funtionalized NPs 

into the tumour cells via receptor-mediated endocytosis. It must be mentioned that most of the 

conventional therapeutic agents, such as chemotherapy, are distributed non-specifically in the 

body, leading to systemic toxicity, serious side effects, and a loss of efficacy against tumours 

because of insufficient dose delivered. Therefore, the effective targeting tumour using 

targeted NPs might enable to provide a better pharmacokinetic profile, imaging capabilities 

and might contribute to deliver large doses of nanoparticles into malignant cells with minimal 

side effects elsewhere (Figure 19). 
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Figure 19: Shematic representation of tumour targeting. The right part of the figure depicts the increased 

accumulation of nanoparticles owing to the enhanced permeability and retention (EPR effect). The left part of 

the figure shows the active targeting mediated by targeted nanoparticles. The tumour tissues contain defective 

blood vessels with fenestrations, leading to a highly permeable tumour-associated neovasculature and allowing 

the leakage of circulating nanoparticles. The decreased of functional lymphatic vessels contributes to 

nanoparticle retention into the tumour site (Adapted from Misra 2010). 

2.4. Pharmacokinetic behaviour of gold nanoparticles 

The surface coating, the shape and the size of AuNPs, as well as the route of 

administration, all play a role in determining in vivo behaviour of NPs. Many studies have 

provided informations regarding how these properties affect the nanoparticle biodistribution 

and the tumour targeting. Many improvements may be made for a favourable 

pharmacokinetic profile of AuNPs, such as decrease their clearance by the reticuloendothelial 

system (RES), extend their circulation time, ensure their in vitro and in vivo stability, and 

preserve their specificity regarding tumour cells (Longmire 2008).  

The RES has a major role in removing foreign materials from the bloodstream mainly 

thanks to the macrophage activity. Indeed, the liver and the spleen have been described as the 

major organs of non-specific uptake of AuNPs (Douglas 1986). Modification of the surface 
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characteristics of AuNPs has an impact regarding the nanoparticle interaction with the RES 

(Bradfield 1984), and promotes the nanoparticle bioavailability. The common method to 

protect the nanoparticles from the opsonization and the subsequent phagocytosis consists of 

coating their surface with a layer of amphiphilic polymer chains, such as polyethylene glycol 

(PEG) (Pinto Reis 2006). PEG molecules are inert and large polymers, which have been 

investigated extensively as an effective means to provide hydrophilic and “stealth” properties 

to NPs. Indeed, the PEGylation leads to a partial avoidance of the RES uptake and a 

prolonged circulation time of PEGylated NPs by reducing their non-specific binding to the 

serum proteins and macrophages. The PEGylation creates a hydrophilic protective layer 

around the NPs, which increases their half-life in blood circulation. Moreover, the PEGylation 

imposes a steric barrier that leads to the steric repulsion forces, repelling the non-specific 

adsorption of opsonin proteins, and thereby blocking and delaying the opsonisation process 

and subsequent phagocytosis (Prencipe 2009, Owens 2006, Kaul 1992). However, the 

complete evasion of the RES through nanoparticle coating is not possible (Torchilin 1995, 

Stolnik 1995, Gref 1994). Further, the hydrophilic coating is interesting for the nanoparticle 

stability against aggregation since the particle aggregation is controlled by surface chemistry 

(Daniel 2004). Finally, the surface functionalization of AuNPs by using specific ligands has 

also been demonstrated to result in a rapid cellular uptake and internalization (Shenoy 2006).  

The particle size and surface properties remain among the most important properties of 

AuNPs for effective delivery to the desired target. The large and long-circulating NPs are 

more retained in the tumour than smaller NPs, which easily diffuse (Pirollo 2008). The ideal 

nanoparticle size should be somewhere between 10 and 100 nm. Indeed, it should be much 

less than 400 nm for an efficient extravasation, larger than 10 nm to avoid renal filtration, but 

smaller than 100 nm to mimize the liver uptake (Kim 2008). The nanoparticle charge should 

be neutral or anionic to effectively escape to the renal elimination. Moreover, the tumour 

uptake through EPR effect is limited by the high interstitial fluid pressure associated with the 

poor lymphatic drainage (Heldin 2004, Jain 1987) and by the degree of tumour 

vascularization (Bae 2009), which explains the nanoparticle size relationship with the EPR 

effect. Further, the EPR effect will be optimal if NPs can evade immune surveillance and 

circulate for a long period in the blood. It is known that the plasma retention of the NPs is one 

of the primary driving forces for tumour accumulation through EPR effect (Modi 2006). 

Finally, the active targeting increases also the tumour accumulation through improving the 
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cellular uptake of NPs and especially through enhanced cellular internalization. Indeed, the 

uptake of AuNPs is consistent with the receptor-mediated endocytosis (Chen 2009). The 

ability of NPs to be internalized after binding to target cells is an important criterion in the 

selection of proper targeting ligands (Cho 2008). Therefore, the NP surface functionalization 

is an interesting way to improve tumour targeting since the active targeting is particularly 

attractive for the intracellular delivery of NPs and for increasing the antitumour effect. 

2.5. Toxicity 

Although there is a significant progress in the development of nanomaterials for 

biomedical applications, nanotoxicological studies have thus far lagged behind (Fischer 

2007). While bulk gold is potentially biosafe, the gold nanoparticle toxicity should be 

assessed. Increasing number of reports has appeared with the goal of understanding the 

interactions between different types of nanoparticles and cells (Alkilany 2010, Lewinski 

2008, Murphy 2008). However, no simple conclusions have emerged due to the variability of 

parameters, such as the the physical and chemical properties of AuNPs, cell type, gold 

concentration and incubation time, and the assay used to measure the cell health. Moreover, 

most nanotoxicological screening studies are done in vitro, on cell cultures, and are far from 

the real in vivo situation (Alkilany 2010). 

Although in vitro studies may not accurately predict in vivo toxicity, they provide 

informations to understand the mechanisms of toxicity of nanoparticle accumulated at the 

cellular level (Gu 2009, Pernodet 2006). Most preclinical studies indicated that AuNPs are 

harmless to cutured cells. Indeed, several groups have examined the cellular uptake and the 

cytotoxicity of AuNPs, and showed that AuNPs are not toxic (Villiers 2009, Shukla 2005, 

Connor 2005). Some studies even showed that AuNPs reduce the level of harmful ROS in the 

cells (Shukla 2005). In contrast to these results, other groups have found that AuNPs are toxic. 

For instance, some experiments showed that the cytotoxicity depends on the cell type (Patra 

2007, Pan 2007). Others have attributed the nanoparticle toxicity to their nanosize and have 

shown the size-dependent toxicity of AuNPs (Pan 2009, Pan 2007). Further, the nanoparticle 

toxicity due to the surface properties is rarely discussed. It seemed that cationic NPs are toxic at 

much lower concentrations than anionic NPs, which is related to the electrostatic interactions 

between the cationic NPs and the negatively charged cell membranes (Goodman 2004). 

Moreover, the nanoparticle coating type is able to modulate the cytotoxicty of AuNPs (Crespin 
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2011, Pan 2009). It is not easy to compare the results of all these in vitro studies because the 

quantification method of AuNPs varies widely across different research groups, and because 

the number of cells exposed to these AuNPs at a given concentration is often not specified. 

Finally, regarding the nanoparticle immunogenicity, the available informations are diverging. 

Some studies indicated that AuNPs are nonimmunogenic, and others showed that they are able 

to induce an antibody response in mice, regardless of their own cytotoxicity (Shukla 2005). 

Illustrative in vitro results of gold nanoparticle cytotoxicity are presented in Table 4. 

Author Size (nm) 
Surface 

group 
Cell line 

Au concentration*;  

Incubation time 
Toxicity results 

Pan 2009 1.4, 15 TPMS, GSH HeLa cells 5.6 mM; 48 h 

1.4 nm AuNPs induced necrosis 

by oxidative stress, where 15 nm 

AuNPs are not toxic; GSH-
capped AuNPs are less toxic than 

TPMS-capped AuNPs 

Villiers 2009 10 citrate Dendritic mouse cells 0.5 mM; 4-48 h 

10 nm AuNPs are not toxic and 

did not induce dendritic cell 
activation 

Gu 2009 3.7 PEG HeLa cells 0.08-100 µM; 6-72 h 
3.7 nm AuNPs entered nucleus 

and did not induce toxicity 

Pan 2007 
0.8, 1.2, 1.4, 

1.8, 15 
TPMS, TPTS 

Epithelial HELA cells 
Endothelial SK-ME1-28 cells 

Fibroblast L929 cells 

Phagoctes j774A1 cells 

Up to 5.6 µM; 72 h 

Smallest AuNPs are toxic;  

15 nm AuNPs non toxic 
Toxicity is not cell line dependent 

Khan 2007 18 citrate HeLa cells 0.2-2 nM; 3-6 h 18 nm AuNPs are not toxic 

Patra 2007 33 CTAB, citrate 

BHK21 hamster kidney cells, 
Hep2G human liver 

carcinoma cells, A549 

human carcinoma lung cells 

0-120 nM; 36-72 h 

33 nm AuNPs non toxic to 

BHK21 and Hep2G cells, but 
toxic to A549 

Pernodet 2006 13 citrate Human dermal fibroblast 0-4 mM; 24-144 h 
13 nm AuNPs ↓ cell proliferation 

rate, adhesion and motility 

Shukla 2005 3.5 
Lysine, 

poly(lysine) 

RAW264.7 mouse 

macrophage cells 
10-100 µM ; 24-72 h 

3.5 nm AuNPs are not toxic and 

not immunogenic 

Connor 2005 4, 12, 18 

CTAB, 

citrate, 
cysteine, 

glucose, 

biotin 

K562 human leukemia 0.001-0.25 µM; 72 h Non toxic effect whatever size 

Goodman 2004 2 

Quaternary 

ammonium 

carboxylic 
acid 

COS-1 mammalian cells,  

red blood cells 
0.38-3 µM ; 1-24 h 

Cationic 2 nm AuNPs are toxic, 

while anionic not 

Table 4: Illustrative examples of in vitro preclinical studies investigating the cytotoxicity of nanospheres gold 

nanoparticles (AuNPs). TPMS: triphenylphosphine monosulfonate; GSH: glutathione; PEG: polyethylene glycol; 

TPTS: triphenylphosphine trisulfonate; CTAB: cetyl trimethylammonium bromide; *Doses are calculated from 

original papers in term of gold atom concentrations (Adapted from Alkilany 2010). 

It is essential to investigate in vivo toxicity of AuNPs before any potential therapeutic 

application.  Recent studies have shown the size-dependent biodistribution and toxicity of 
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AuNPs (Cho 2009). Some AuNPs that didn’t appear toxic in vitro, showed toxicity in vivo 

(Chen 2009, De Jong 2008, Sonavane 2008, Hillyer 2001). These findings highlight that in 

vitro experiments, may not lead to good predictions regarding in vivo results. Moreover, no 

long-term studies on AuNPs have been reported. Illustrative in vivo results of gold 

nanoparticle cytotoxicity are presented in Table 5. 

Author Size (nm) Surface group Animal (n) 

Dose  

(route of administration; 

time of exposure) 

Toxicity results 

Chen 2009 
3, 5, 8, 12, 17, 

37, 50, 100 
citrate Mice (6) 

8 mg Au/kg  
(intraperitonical; > 1200 h) 

Lethalite induced by only 8-
37 nm AuNPs 

Cho 2009 13 PEG Mice (9) 
Up to 4.26 mg Au/kg 

(intravenous; up to 168 h) 

Liver toxicity: inflammation 

and apoptosis 

Bar-Ilan 2009 3, 10, 50, 100 citrate Zebrafish (12) 
0.25,  2.5, 25, 250 µM  

(exposure in water; 120 h) 
No toxicity 

Zhang 2009 20, 40, 80 PEG Mice (8) 
34-2210 mg Au/kg  

(intravenous; 48 h) 

Biodistribution and tumour 
accumulation of AuNPs 

is size-dependent; smaller 

NPs have longer blood 
circulation time and more 

tumour accumulation 

Sonavane 2008 
15, 50, 100, 

200 
citrate Mice (3) 

1000 mg Au/kg  

(intravenous; 24 h) 

All sizes were found in liver, 

spleen, lung; 15 and 50 nm 

AuNPs were found also in 
heart, stomach, kidney, brain 

De Jong 2008 
10, 50, 100, 

250 
ND Rats (4) 

77-108 Au/kg  

(intravenous; 24 h) 

Most AuNPs were found in 

spleen and liver;  10 nm 

AuNPs were found also in 
brain, heart, kidney, testis, 

thymus; no side effects 

Kattumuri 2007 15, 20 Arabic gum Pigs (3) 
0.8-1.88 mg Au/kg  

(intravenous; 0.5-24 h) 

Accumulation in lung 

and liver; no hematological 

or renal side effects 

Hillyer 2001 4, 10, 28, 58 citrate Mice (ND) 
200 mg Au/kg water  

(oral; 168 h) 
Gastrointestinal uptake 

Table 5: Illustrative examples of in vivo preclinical studies investigating the cytotoxicity of nanospheres gold 

nanoparticles (AuNPs). PEG: polyethylene glycol; ND: not determined; *Doses are calculated from original papers 

in terms of gold atom concentrations (Adapted from Alaaldin 2010). 

In summary, the complete characterization of size (Pan 2007), shape (Powers 2007), charge 

(Jiang 2009), surface chemistry (Clift 2008) and material properties seems to be essential for 

reliable informations about the nanoparticle toxicity. Although AuNPs are known for their good 

biocompatibility and good synthetic size control, their toxicity is still a concern. The high 

diversity of AuNPs and the different design of conducted studies might lead to diverging 

outcomes. 
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IV. Radiolabelled antibody-targeted gold nanoparticles 

1. Synthesis of radiolabelled antibody-conjugated gold nanoparticles 

There are two approaches of functionalizing AuNPs with targeting ligands, such as mAbs: 

the non-covalent and the covalent immobilization techniques (Figure 20). The non-covalent 

strategy includes the spontaneous physical adsorption of mAbs onto the particle surface. This 

method involves the passive immobilization of the antibody through two types of interactions: 

hydrophobic interactions due to the attraction between the hydrophobic sites of the antibody 

and the gold surface, or through ionic interactions that are formed between the positively 

charged amino acid groups abundant in mAbs and the negatively charged surface of AuNPs. 

The covalent coupling strategy involves the conjugation of AuNPs to mAbs using the 

chemical functions present on specific regions of both mAbs and coated nanoparticle surface 

(Masereel 2011). The polymer coating enables to modify the nanoparticle surface properties 

for easy nanoparticle functionalization. It must be mentioned that the properties of the 

polymer coating and the targeting ligands (mAbs) greatly influence the total particle size, and 

thus the size distribution in vivo. Further, the covalent coupling provides 

immunonanoconjugates more stable than those obtained using physical adsorption, and 

prevents the competitive displacement of the adsorbed antibodies (Arruebo 2009, Wilson 

2002). 

 

Figure 20: Coupling strategies: covalent coupling immobilization (i), non-covalent electrostatic coupling 

immobilization (ii) and non-covalent adsorption immobilization (iii). 
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The common covalent approach used for conjugation of mAbs to AuNPs involves the 

carbodiimide cross-linking (Hermanson 1996). The EDC
*
 cross-linker reacts with the 

carboxylic functions of C-terminal chains of the antibody in the presence of sulfo-NHS
†
, and 

then condensed with the amino acid end groups of the coating layer, such as PPAA stabilizer 

layer, to form amine-reactive sulfo-NHS esters.
 
In short, the subsequent addition of gold 

nanoparticle solution to antibody solution results in coupling between the activated carboxylic 

functions of mAbs and the primary amines on the nanoparticle surface via a covalent amide 

bond (Thorek 2009) (Figure 21). 

 

Figure 21: Synthetic pathway of covalent immobilization technique (carbodiimide reaction), resulting in 

antibody-conjugated gold nanoparticles. The monoclonal antibodies (mAbs) were firstly radiolabelled before 

their conjugation to coated gold nanoparticles in order to trace these immunonanoconjugates in vivo.  

2. Influence of targeting ligands on tumour uptake of conjugated gold nanoparticles 

The surface modification of AuNPs by grafting tumour-targeting molecules, such as mAbs, 

may improve in vivo targeting efficacy. Indeed, monoclonal antibody-targeted nanoparticles 

may exhibit a focused targeting, and may improve the pharmacokinetic profile of 

nonfunctionalized nanoparticles, which is dependent on passive EPR effect (Julien 2011). 

These immunonanoconjugates offer the promise of selective drug delivery to tumour cells, 

including their internalization within targeted cells (Majidi 2009, Liu 2003) (Figure 22). For 

                                                 
*
 EDC : 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

†
 sulfo-NHS : N-hydroxysulfosuccinimide  
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instance, cetuximab-conjugated gold nanoparticles may enhance the tumour uptake through 

antibody-induced EGFR endocytosis (Bhattacharya 2010). 

 

Figure 22: Cellular uptake of monoclonal antibody-conjugated nanoparticle (mAb-NP), which can be recognized 

by receptors on the cell membrane: internalization of these immunonanoconjugates and their trafficking along 

intracellular transport pathways (Adapted from Julien 2011). 

There is a controversy about the role of targeting ligands in tumour uptake. Previous 

reports have indicated that the ligands play a role in the selective tumour accumulation of 

these nanocomplexes through the specific recognition of the tumour target (Pirollo 2008). In 

this case, the tumour localization of these complexes still depends to the contribution of the 

EPR effect. However, other papers have suggested that the primary function of targeting 

ligands was not to improve tumour targeting of these complexes by directing them to the 

tumour site, but to increase the intracellular uptake of these nanocomplexes (Kirpotin 2006).  

In addition, the modified-surface gold nanoparticles may remain in circulation longer than 

uncoated AuNPs. Therefore, they have more time to accumulate in tumours thanks to the EPR 

effect, but also take longer to leave the tumour and return in circulation. This extended time of 

contact with tumour tissue enables more of ligand-grafted gold nanoparticles to bind to 

tumour cells. Once the functionalized nanoparticles are present in the tumour space, the 

ligand binds to the tumour receptor target, and thus immobilizing the nanoparticles within the 

tumour. This is not the case for nonfunctionalized gold nanoparticles, which can rapidly 

return to the circulation (Pirollo 2008) (Table 6). 
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Nanoparticle design Nanoparticle description Blood clearance rate Tumour localization 

 

“Naked” nanoparticle 
(no surface modifier, no ligand) 

Rapid Low (some EPR effect) 

 

Ligand-grafted nanoparticle 
(no surface modifier) 

Rapid 
Enhanced, owing to EPR effect and 

ligand binding to tumour cell receptor 

 

Surface-modified nanoparticle 

(eg. PEG) 
Extented circulation time 

Enhanced, owing to EPR effect and 

extended time in circulation 

 

Ligand-grafted and surface-

modified nanoparticle  
(eg. PEG + mAbs) 

Extented circulation time 

Enhanced, owing to EPR effect, 

extended time in circulation and 
ligand binding to tumour cell receptor 

Table 6: Surface parameters that influence the pharmacokinetic behaviour and the tumour localization of gold 

nanoparticles (AuNPs). PEG: polyethylene glycol; mAb: monoclonal antibody; EPR: enhanced permeability and 

retention (Adapted from Pirollo 2008). 

3. Potential biomedical applications 

Commercial antibodies are already on the market either attached to radioisoptopes, such as 

Zevalin
®
 (

90
Y-ibritumomab tiuxetan) for the treatment of NHL, or to drugs, such as 

Mylortag
®
, which is an antibody-chemotherapeutic conjugate, consisting of a humanized anti-

CD33 mouse monoclonal antibody (Gemtuzumab ozogamicin) linked to a potent cytotoxic 

agent (calicheamicin derivative toxin) for the treatment of acute myeloid leukemia. The 

strategies to conjugate the mAbs to chemotherapeutic drugs, toxins or therapeutic radioactive 

isotopes are intended to improve the efficacy of cancer therapy. On the other hand, the 

strategy to combine gold nanoparticles and antibodies have been developed for diagnostic and 

therapeutic purposes based on the targeting properties of antibodies and the photophysical 

properties of AuNPs. Moreover, antibody-targeted gold nanoparticles can offer high 

molecular specificity. However, to date, there are no commercial antibodies conjugated to 

nanoparticles applied in therapy (Arruebo 2009). Here, some examples illustrating the 

potential biomedical applications of antibody-conjugated gold nanoparticles. 
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 Antibody-conjugated gold nanoparticles for cancer detection 

AuNPs are widely used in optical sensing due to their photophysical properties, and have 

been used as contrast agents for biomedical imaging. Various immunoassays have been 

designed using AuNPs functionalized with immunosensors, such as mAbs (Tiwari 2011, 

Tanaka 2006). For example, an immunoassay using anti-prostate specific antibodies 

conjugated to AuNPs was developed for the detection of a prostate cancer biomarker (prostate 

specific antigen, PSA). Indeed, AuNPs was used as optical probes coupled with dynamic light 

scattering measurements in order to quantify the amount of PSA (Arruebo 2009, Liu 2008). 

Further, cetuximab-conjugated gold nanoparticles have been developed for optoacoustic 

imaging using AuNPs as contrast agents (Mallidi 2007). This in vitro study makes possible to 

differentiate cells preincubated with conjugated AuNPs and those preincubated with 

nonfunctionalized AuNPs (Fay 2011). Moreover, the cancer cells and tissues, which 

accumulate cetuximab-targeted gold nanoparticles, can also be molecularly imaged, and can 

be visualized by the SPR scattering of AuNPs through optical microscopy (El-Sayed 2005, 

Sokolov 2003 [b]). All these findings might offer potential techniques for cancer diagnosis. 

 Antibody-conjugated gold nanoparticles for cancer therapy 

Antibody-targeted gold nanoparticles may be used for therapeutic purposes, such as 

photothermal therapy, as drug delivery carriers and as sensitizers in radiation therapy. For 

instance, in vitro studies demonstrated the selective thermoablation of cancer cells, which 

accumulate cetuximab-conjugated gold nanoparticles, and after exposure to the visible laser. 

The method is selective since the malignant human head and neck cancer cells required less 

than half the laser energy to be killed, as compared with the benign cells. In addition, no 

photothermal destruction was observed for cells without nanoparticle labelling, even at four 

times the energy required to kill the labelled malignant cells (El-Sayed 2006). The selective 

photodamage of cancer cells is a result of the high functionalized nanoparticle loading in 

cancer cells overexpressing EGFR. This selective technique can be used for a variety of 

cancers by conjugating AuNPs with various antibodies specific to a particular cancer (Huang 

2007, Huang 2006 [b]). Moreover, in vitro studies investigated the efficacy of tumour 

targeting by these immunonanoconjugates, compared with that of unconjugated nanoparticles. 

Cetuximab-conjugated gold nanoparticles were internalized by pancreatic and colorectal 

cancer cells expressing EGFR. The cells were then treated with noninvasive RF energy, 
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which causes a heat production from AuNPs, resulting in cell death (Curley 2008). More 

recently, in vivo explorations in mice have shown that cetuximab-conjugated gold 

nanoparticles may be associated with nonionizing radiofrequency radiation to specifically 

target and kill cells overexpressing EGFR. While the therapy is dependent on the specificity 

of the targeting antibody, normal tissues were spared despite systemic therapy and whole-

body RF field exposure (Glazer 2010 [a]). 

On the other hand, in vitro and in vivo studies demonstrated the targeting efficacy of 

AuNPs used as vehicles for anticancer chemotherapeutic (gemcitabine) and targeting agent 

(cetuximab), and showed cell proliferation inhibition of pancreatic cancer cells expressing 

EGFR after treating mice with gold nanoparticles conjugated with both cetuximab and 

gemcitabine, compared to mice receiving gemcitabine alone (Patra 2008). Finally, in vivo 

studies have investigated the potential utility of unconjugated gold nanoparticles for cancer 

radiotherapy and showed that AuNPs enhance the radiation therapy efficacy (Hainfeld 2010, 

Chang 2008, Hainfeld 2004). Given that nanoparticle conjugation with targeting antibodies 

can improve the tumour targeting, future studies using these conjugates for radioenhancement 

purposes might be promising. 

These applications highlighted the interest of gold nanoparticle vectorization for improving 

the efficacy of cancer detection and therapy, compared with nonfunctionalized gold 

nanoparticles. However, no studies have investigated the preservation of the recognition 

properties of the targeting ligands after the nanoparticle conjugation. Indeed, the 

immunotargeting approach may be limited by pharmacokinetic and immunological aspects. 

Therefore, these more fundamental aspects of using mAbs as targeting agent need to be 

explored in order to investigate the influence of the structural modulations of antibodies on 

their biological properties.  
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Gold nanoparticles conjugated to antibodies have been recently suggested as an interesting 

strategy to improve the management of cancer. Indeed, recent advances have shown that the 

functionalization of gold nanoparticles with antibodies enables to combine the targeting 

properties of mAbs and the photophysical properties of AuNPs, with improving targeted 

delivery of nanoparticles. The originality of this work is to address the question of how 

the nanoparticle conjugation to specific mAbs affects the antibody properties, and 

particularly the antibody specificity. The answer to this question requires accurate 

characterization of such immunonanoconjugates in vitro and in vivo. These aspects have 

been yet poorly documented. Our goal was not to demonstrate that the antibody conjugation 

to gold nanoparticles improves the pharmacokinetics of nanoparticles. Previous studies have 

demonstrated the interest of active targeting through grafting mAbs on nanoparticle surface 

and the specific concentration of these immunonanoconjugates in the tumour site. 

Furthermore, many studies have described the biological distribution of various gold 

nanoparticles according to their size, shape and surface charge, but few reports are available 

about the biodistribution profile of antibody-functionalized nanoparticles. For this purpose, 

the aim of this work was to investigate the impact of nanoparticle conjugation to 

antibodies (cetuximab and anti-endoglin mAbs) on their target recognition properties 

and on their biodistribution profile. For conjugation reaction to gold nanoparticles, we 

chose cetuximab (Erbitux
®
), a known human monoclonal antibody, which is approved for the 

treatment of colorectal and head and neck cancers, and the antiangiogenic anti-CD105 

monoclonal antibodies. In order to trace these immunonanoconjugates in vivo, the antibodies 

were firstly radiolabelled with 
125

I or 
89

Zr before nanoparticle conjugation. 

This thesis was actually a part of a broader project named “TARGAN”. The main goal of 

this project was to develop AuNPs doped with several radionuclides through PVD process. 

These nanoparticles were functionalized with mAbs for targeting a specific tumour marker. 

The obtained nanometric sized conjugates might have a high specific activity, which enables 

to improve the detection threshold for imaging, and the delivered local dose for therapy. 

Several groups collaborated as part of this interuniversity project between UCL and 

University of Namur:  

- The research centre for the physics of matter and radiation (PMR-LARN-University of Namur-

NARILIS, Professor S. Lucas) for synthesis and characterization of gold nanoparticles. 

- The pharmacology and therapeutics unit (FATH-UCL, Professor O. Feron) for anti-endoglin 

antibody production and purification, as well as for the screening of tumour models. 

Preliminary studies validated that endoglin is interesting as a tumour vascular target.  
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- The Namur research college and department of chemistry (NARC-University of Namur, 

Professor D. Bonifazi) and the department of pharmacy (University of Namur, Professor B. 

Masereel) for optimizing the antibody-nanoparticle conjugation reaction. 

- The research unit of cell biology (URBC-University of Namur-NARILIS, Professor C. 

Michiels) for in vitro toxicity assessment of gold nanoparticles. 

- The specific task of our group was to explore the value of these immunonanoconjugates in 

animal models, particularly in terms of tumour uptake.  

- Finally, the clinical assessment of these immunonanoconjugates is planned (Division of Nuclear 

Medicine of Mont-Godinne University Hospital-NARILIS-MIRO, Professor T. Vander Borght).  

In this context, the present thesis addressed the question of how nanoparticle conjugation 

to antibodies affects the antibody properties in vitro and in vivo, especially the impact on 

tumour targeting. The steps of this work were divided into three parts:  

- The first part focuses on radiolabelling of antibodies before coupling them to gold 

nanoparticles. This step enables to optimize the radiolabelling conditions of mAbs and their 

purification. We characterized radiolabelled mAbs before and after the nanoparticle 

conjugation in terms of radiolabelling yield, radiochemical purity, substitution rate with 

radionuclides, antibody integrity, coupling reaction yield and in vitro stability over time, 

including the stability in plasma.  

Introducing structural changes to mAbs may hamper their ability to recognize their target and 

their pharmacokinetic behaviour.  

- The second part was thus dedicated to the assessment of the antibody recognition properties 

after the nanoparticle conjugation by in vitro cell-based ELISA tests and through in vivo 

blocking experiments.  

- The third part investigated the biodistribution profiles of radiolabelled mAbs before and after 

the nanoparticle conjugation. According to the radiolabel (
125

I and 
89

Zr), we studied in vivo 

distribution of the tracers in different organs, with a focusing on tumour uptake, and through 

ex-vivo studies, imaging techniques (SPECT/CT and PET/CT), and ICP-MS analysis for gold 

quantification (Appendix 5). 

Overall, the ultimate objective of this work was to qualify the cetuximab- and anti-

endoglin antibody-functionalized gold nanoparticles as new tools for imaging of cancer, prior 

to considering using them for therapeutic purposes. Therefore, it is important to provide first 

answers to fundamental questions such as: 

- What is in vivo behaviour of such immunonanoconjugates? 

- What is the effect of nanoparticle conjugation on the antibody efficacy in tumour targeting? 

- Does these immunonanoconjugates are efficient for cancer imaging, and could we expect a 

final therapeutic benefit? 
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Chapter 3: RESULTS
****

                                                 
Results are presented in four chapters and are detailed as scientific publications 
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I. Targeting cancer cells using 
125

I-labelled anti-EGFR antibody-

conjugated gold nanoparticles 

The first study characterized the produced gold nanoparticles (size and morphology), the 

iodinated antibodies (integrity after radiolabelling, substitution rate and in vitro stability), and 

the cetuximab-conjugated gold nanoparticles (number of antibodies grafted per nanoparticle 

and in vitro specificity), and compared the biodistribution profiles of 
125

I-labelled cetuximab 

before and after the nanoparticle conjugation. 
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II. In vivo deiodination impact of 
125

I-labelled anti-CD105 antibody on 

tumour targeting in mice 

The second study characterized the anti-endoglin antibody (mass spectrometry of antibody 

fragments observed on electrophoretic gel) and the radiodinated anti-CD105 antibody 

(integrity after radiolabelling, substitution rate and in vitro stability). The biodistribution 

profile of radioiodinated mAbs, with a focusing on tumour targeting in two tumour models, 

was studied through ex-vivo experiments and SPECT/CT imaging. The tumour uptake profile 

of 
125

I-labelled anti-CD105 mAbs was compared to that of 
89

Zr-labelled anti-CD105 mAbs (a 

validated tracer). 
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ABSTRACT  

Radioiodinated antibodies, as specific tracers, were largely used to study tumour targeting. 

However, in vivo deiodination may be a limitation for assessing the potential advantage of a 

new tracer, such as anti-endoglin antibody, for cancer detection and therapy.  

The biodistribution of 
125

I-labelled anti-endoglin antibodies and the tumour targeting profile 

were investigated in tumour-bearing mice through ex-vivo studies and in vivo SPECT/CT 

imaging.  These uptake results were compared with those of 
89

Zr-anti-CD105 antibodies 

obtained using PET imaging.  

Radioiodinated antibodies were stable in vitro, both in storage solution and in plasma. The 

most important increase of uptake was observed for thyroid (7.5 ±2.8 %ID g
-1

 at 5 min to 

341.1 ±58.7 %ID g
-1

 at 72 h after injection). The tumour uptake of 
125

I-anti-CD105 antibodies 

was not persistent and decreased over time, both for ex-vivo and SPECT/CT experiments. The 

tumour uptake of 
125

I-anti-CD105 antibodies (0.9 ±0.3 %ID mL
-1

) was significantly lower 

than that of 
89

Zr-anti-CD105 antibodies (6.5 ±0.4 %ID mL
-1

) 24 h after injection. 

In vivo deiodination compromises the monitoring of pharmacokinetic profile of the anti-

CD105 antibodies and the accurate characterization of tumour targeting. Radiolabelling of 

anti-CD105 antibodies with 
89

Zr overcomes these limitations and represents a suitable 

alternative for imaging of the CD105 receptor in tumours. 
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INTRODUCTION 

Among a variety of approaches to achieve selective accumulation of radiotracers within 

tumours, the radiolabelled monoclonal antibodies are highly promising, because of their high 

affinity and specificity [1]. Therefore, non-invasive molecular imaging of malignancies using 

radiolabelled antibodies as specific tracers is an attractive strategy that can improve cancer 

detection and therapy efficiency [2].  

Very recently, monoclonal antibodies (mAbs) have been labelled with positron emitters, 

such as zirconium-89 (
89

Zr), for PET imaging; but although they present advantages, they 

have also drawbacks, which could be a hinder to a widespread use. It is consequently still 

very desirable to have validated radiotracers labelled with more common radionuclides, such 

as iodine, for other imaging modalities. For a long time, the radionuclides of iodine have been 

widely used to radiolabel mAbs, peptides and other biomolecules because they are readily 

available, at reasonable costs, with easy radiolabelling procedures. These radioiodinated 

tracers were largely used to study tumour targeting for cancer imaging (
123

I, 
124

I, 
125

I), for 

cancer therapy (
131

I) and for an approach, in which imaging is performed as a scouting 

procedure before radioimmunotherapy to confirm tumour targeting and to assess tissue 

dosimetry [3]. Many different strategies are available for radioiodination of proteins, which is 

often considered as a straightforward procedure. But in the context of sensitive radioiodinated 

biological molecules, such as antibodies, in vivo stability and the risk of in vivo deiodination 

and its influence on the tracer properties are not systematically investigated, especially in 

quantitative studies for tumour targeting. 

We describe here the radiolabelling process, in vitro stability, ex-vivo distribution, in vivo 

SPECT imaging of 
125

I-labelled anti-endoglin antibody, and comparison with its analogue 

labelled with 
89

Zr. Endoglin (CD105) is a homodimeric cell surface glycoprotein that is 

mainly expressed on endothelial cells. Of particular interest is the fact that CD105 is 

overexpressed in tumour neovasculature [4-7] and in some cancer cells, such as melanoma 

[8,9]. Furthermore, the vascular density, determined using the anti-CD105 antibody, is 

correlated with the tumour prognosis [10], the risk of developing metastatic disease [11] and 

the recurrence of malignancy [12]. CD105 targeting has also been used as an antiangiogenic 

therapy, which is based on the attack of the new blood vessels, each of them supporting 
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thousands of cancer cells in the tumour mass, in addition to the directly attacking of cancer 

cells that overexpress CD105 [13].  

It is known that antibody-based radiotracers require extended in vivo circulation times for 

optimal tumour targeting, typically 2-4 days [14]; therefore, the physical half-life of the 

radionuclide used for labelling must compatible with the optimal time needed for most intact 

antibodies to achieve ideal tumour-to-nontumour ratio. 
89

Zr (78.41 h) is a metallic positron-

emitter radionuclide, which is suitable for positron emission tomography (PET) [15], whereas 

125
I (60 days) is suitable for SPECT imaging in small animals. 

Recently, we studied the biodistribution profile of 
89

Zr-labelled anti-endoglin mAbs using 

non-invasive immuno-PET imaging, and the effect of the antibody conjugation to gold 

nanoparticles [16]. In the present study, we investigated ex vivo and in vivo distribution 

profile of 
125

I-labelled anti-CD105 mAbs through SPECT imaging, and compared these 

results to that of obtained with the same antibody labelled with 
89

Zr. The tumour targeting 

was studied in two different tumour models (hepatocarcinoma and melanoma), which express 

CD105 at different levels. The tumour uptake of 
125

I-anti-CD105 mAbs was compared to that 

of 
89

Zr-labelled anti-CD105 mAbs, and the in vivo stability of the tracers was correlated with 

the change in imaging properties, especially regarding the tumour uptake. 
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RESULTS AND DISCUSSION 

Anti-CD105 antibody radiolabelling with 
125

I and quality controls 

The radiolabelling of anti-CD105 mAbs with 
125

I was achieved with a mean radiochemical yield of 

90% (n = 5). The radiochemical purity as determined by radio-TLC was higher than 99% (n = 5). Gel 

electrophoresis analysis under non-reducing conditions followed by radio-TLC and autoradiography 

revealed that at least 85% of the radioactivity was attached to the whole antibody molecule (Fig. 1), 

and the residual activity was attached to protein entities having immunoglobulin origin, as identified 

by mass spectrometry analyses (electrospray ionization time of flight mass spectrometry) and the 

NCBInr protein database (data not shown). The specific activity was 82 ± 1 MBq mg
-1

 of mAbs (n = 

4). The 
125

I-to-mAb ratio was about 0.2, which means that approximately one out of five mAb unit 

carries one 
125

I atom. In vitro stability of radioiodinated mAbs in storage solution showed that iodine 

was very slightly dissociated from the antibody in plasma over time. Starting from a solution without 

free iodine (100% purity), the percentage of dissociation was lower than 3% (n = 2-3) up to 48 h after 

incubation in plasma. The release of free 
125

I was lower than 5% up to two months after labelling 

reaction.  

Ex-vivo biodistribution studies in mice 

The biodistribution profile of 
125

I-labelled anti-CD105 mAbs was first studied in NMRI mice 

bearing TLT xenografts by ex-vivo experiments (Fig. 2). In tumour, the maximum uptake values were 

observed at early times after injection, and reached 4.7 ± 1.9 %ID g
-1

 15 min after injection, followed 

by a rapid decrease to 0.5 ± 0.1 %ID g
-1

, 24 h after injection. In non-target organs, a similar profile 

was observed.  At early time after tracer injection (5 min), the uptake values were 75.8 ± 11.8 (lungs), 

54.4 ± 26.7 (spleen), 52.1 ± 11.01 (liver) and 20.3 ± 4.7 (kidneys) %ID g
-1

. These values decreased 

significantly to 1.8 ± 0.7, 1.2 ± 0.1, 1.7 ± 0.4 and 1.4 ± 0.2 %ID g
-1

 respectively after 24 h. The uptake 

by stomach decreased also significantly over time. Noticeably in the stomach, a transient increase of 

radioactivity was observed until 6 h after injection, but followed by a rapid wash out. On the contrary, 

the thyroid uptake values showed a significant increase over time, from 7.5 ± 2.8 %ID g
-1

, 5 min after 

injection to reach a quasi steady state at 341.1 ± 58.7 %ID g
-1

, 72 h after injection.   

Based on the long time needed for most intact antibodies to achieve optimal biodistribution and 

tumour targeting, we expected a slow distribution of the tracer, with an optimal tumour uptake 

beginning at late times after injection (2-4 days). However, the maximum TLT tumour uptake was 

observed at early times after injection, and was not persistent with significant decrease over time. 

Because the tracer accumulation in TLT tumour model was low and non persistent, a second tumour 

model (melanoma) was selected to investigate the tumour targeting in C57BL/6J mice and to confirm 
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the tumour uptake profile (17). Indeed, the immunohistochemistry analysis showed the CD105 

expression only on endothelial cells of vessels in TLT tumour model (data not shown), whereas the 

melanoma is known for two levels of CD105 expression, by tumour cells themselves, in addition to 

the CD105 expression on endothelial cells (8,9). We compared the tumour uptake values, expressed as 

tumour-to-blood ratios (T/B), between the group of TLT-bearing mice and the group of B16-bearing 

mice at 5 min, 15 min, 60 min, 6 h and 24 h after injection (Fig. 3). For each time point, the T/B 

values of B16-bearing mice were higher than those of TLT-bearing mice. The highest T/B ratios were 

observed after 1 h for both groups and were respectively 0.9 ± 0.1 for TLT-bearing mice and 1.6 ± 0.2 

for B16-bearing mice. The T/B values didn’t increase over time and remained close to 1 at all times 

after injection. Overall no real accumulation of the tracer was noted, whatever the tumour model 

considered.  

In conclusion for ex-vivo evaluation of the tracer, the kinetic profile was not in accordance with the 

known kinetics of most intact mAbs, most probably reflecting an intense in vivo metabolisation of the 

tracer with a rapid release of free iodine. Although the contrast, expressed as T/B ratios, were higher in 

B16 tumour model than in TLT tumour model (Fig. 3), the tumour uptake was only transient and the 

contrast at late time points was also low. Since we showed a high in vitro stability of radioiodinated 

anti-CD105 mAbs in plasma, the results suggest that in vivo catabolism is responsible for the 

important antibody dehalogenation (18). 

Biodistribution studies using animal-SPECT/CT imaging 

In order to confirm the results of ex-vivo experiments, the biodistribution of 
125

I-anti-CD105 mAbs 

was imaged up to 24 h after injection in B16-bearing mice, by using SPECT/CT imaging modality 

(Fig. 4). The MIP (maximum intensity projection) images were generated for visual inspection and 

qualitative analysis of the global kinetics of distribution. For a more quantitative evaluation, the 

percentage of injected dose was computed for the tumour, thyroid, and the total body (Fig. 5). From 

the MIP images, it could be noted a poor tracer uptake in the tumour, with a very transient increase of 

activity at early times during the distribution phase and a weak tumour contrast. Only 0.9 ± 0.4 %ID 

was found in the tumour at 1 h after injection. In liver and lungs, which are highly vascularised organs, 

the level of activity was much higher, particularly at early times after injection (1 and 3 h), but 

followed a similar kinetics with a rapid wash out of the tracer from those non specific tissues. In 

accordance to ex-vivo results, a regular and stable increase of thyroid uptake was observed, this organ 

being already visible after 1 h.  The radioactivity trapped by the thyroid was about 1.7 ± 0.4 %ID at 24 

h after injection. The stomach showed a delayed increase of activity at 6 h after injection, in parallel 

with the thyroid uptake, but with no accumulation. This could be compatible with the uptake of free 

iodine rather than the intact tracer itself.  Urinary excretion of the free iodine or the products of 
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catabolism was also noted after 6 h via the hot spot in the bladder.  Finally, the background signal was 

quite low after 24 h, suggesting an almost total clearance of the radioactivity (more than 85% of the 

injected dose). 

Comparative ex-vivo biodistribution and SPECT/CT imaging of 
125

I-labelled anti-CD105 mAbs  

The pharmacokinetic behaviour of 
125

I-labelled anti-CD105 mAbs was assessed in mice bearing 

B16 xenografts. Ex-vivo results were confirmed by SPECT/CT imaging. We compared the tumour 

uptake values, expressed as tumour-to-nonspecific tissue ratios, between ex-vivo and SPECT/CT 

studies in order to evaluate the tumour contrast (Fig. 6). No significant difference was observed 

between the two series. There was neither any improvement of the contrast over time. As expected, the 

liver and spleen uptakes were observed according to the known catabolism of mAbs, these organs 

being the preferential sites for nonspecific uptake (19,20). Indeed, it is known that one of the 

limitations of antibody-based imaging is the high background signal in the reticuloendothelial system. 

The lung uptake may be explained by the constitutive expression of CD105 in normal blood vessels, 

especially in vascularized tissues. Indeed, previous studies showed that high levels of CD105 

expression are seen in the distal vessels of mouse lung (21). The stomach and thyroid uptakes were 

related to the sodium iodide (Na
+
/I

-
) symporter (NIS), an integral membrane protein which is 

expressed in thyroid epithelial cells and in stomach tissues. The NIS protein facilitates the diffusion of 

free iodine from the blood into the organs (22). The stomach tissue is not known to utilize iodine in 

any biological process. Thus, the iodine freely exits through diffusion and does not result in prolonged 

exposure as in the thyroid (23). The kidney and bladder uptakes most probably reflect the urinary 

excretion of free iodine (24). For all normal tissues (liver, lungs, spleen and kidneys), there was no 

specific accumulation since the radioactivity level decreased over time. Nonetheless, the increase in 

the thyroid uptake over time means an in vivo detachment of 
125

I from the antibody (Fig. 2 and 4). The 

antibody deiodination was important and the released iodine was rapidly cleared from the body, giving 

a low tumour contrast (Fig. 5 and 6). This in vivo chemical instability definitely leads to an 

underestimation of the actual antibody tumour uptake (16). In this particular case, the anti-CD105 

antibody metabolism is so extended that an acceptable imaging of the tumour is not possible. 

Most studies with radiohalogenated mAbs have involved the use of iodine nuclides. However, the 

detachment of the radiolabel probes from the antibody may raise a significant problem, especially 

when the radioiodine is directly attached to the antibody. Indeed, in vivo deiodination prevents the 

stable tracking of the tracer in tissues. For this reason, it is important to investigate accurately the 

impact of the deiodination on the tissue uptake, and particularly on the tumour uptake of novel studied 

tracers, such as anti-CD105 mAbs. It is of particular interest as some radioimmunotherapeutic studies 

have been performed with radioiodinated mAbs that were prepared via a direct iodination procedure 
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(25,26). It must be mentioned that because of these limitations, the development of a metabolically 

stable radioiodination reagent for coupling to mAbs was previously investigated (27-29). The indirect 

radiolabelling methods were developed for decreasing the loss of the nuclide from the protein in vivo, 

for decreasing the thyroid uptake of radioiodine, while retaining a tumour uptake with a suitable 

tumour contrast (30,31). However, many studies have continued to describe the biological distribution 

and the tumour targeting using directly radioiodinated mAbs without assessing the extent of the effect 

of in vivo deiodination on tissue uptake (32,33).  

Comparative in vivo studies of 
125

I- and 
89

Zr-labelled anti-CD105 mAbs  

The tumour uptake results of 
125

I-anti-CD105 mAbs were compared with those of 
89

Zr-anti-CD105 

mAbs. The tumour uptake of 
125

I-anti-CD105, expressed as %ID mL
-1 

and obtained via SPECT/CT 

quantification, was significantly lower than that of 
89

Zr-anti-CD105 mAbs obtained through PET 

quantification, at the corresponding time points after injection (Fig. 7A). The maximum tumour uptake 

of 
89

Zr-anti-CD105 mAbs was about 6.5 ± 0.4 %ID mL
-1

 compared with that of iodinated mAbs (0.9 ± 

0.3 %ID mL
-1

) at 24 h after injection. Similarly, the tumour contrast, expressed as T/Bg ratios, was 

significantly lower for 
125

I-anti-CD105 mAbs for all time points, with a ratio of 0.9 ± 0.1 compared 

with 5.4 ± 0.3 for 
89

Zr-anti-CD105, 24 h after injection (Fig. 7B). Moreover, the kinetics of uptake and 

washout from the tissue was also quite different. Whereas 
89

Zr-anti-CD105 showed a slow 

accumulation in tumour with a peak after 24 h (Fig. 7 and 8), 
125

I-anti-CD105 showed on a contrary a 

fast distribution followed by a quick washout, in contrast with the known delayed accumulation of 

intact antibodies (14). The tumour uptake of 
89

Zr-anti-CD105 mAbs was maintained high at late times 

after injection (5.8 ± 0.7 %ID mL
-1

 until to 72 h) and with a good tumour contrast, compared with that 

of iodinated mAbs (0.9 ± 0.3 %ID mL
-1

 at 24 h). 

This comparison highlighted even more clearly the differences in tumour targeting profile and the 

impact of in vivo deiodination (Fig. 7 and 8). 
89

Zr is a metallic positron emitter that is suitable for PET 

imaging. The PET/CT images showed liver, spleen, lungs, and to a lesser extent bone uptake (Fig. 8). 

The bone uptake was assigned to the slight detachment of 
89

Zr from the desferal moiety.  Previous 

studies attributed the constant bone accumulation to the strong affinity of free 
89

Zr for hydroxylapatite 

and phosphate constituents of bones (34-36). Despite this mild instability, the tumour uptake of 
89

Zr-

anti-CD105 mAbs was significantly higher than that of 
125

I-anti-CD105 mAbs, and was extended until 

72 h after injection (5.8 ± 0.7 %ID mL
-1

). At earlier time points after injection, the T/Bg ratios of 
89

Zr-

anti-CD105 mAbs were 3.2 (3 h), 3.9 (6 h) and 5.6-fold (24 h) higher than those of 
125

I-anti-CD105 

mAbs, so that 
89

Zr-anti-CD105 mAbs was more adequate for imaging purposes, whatever the time 

point considered. Additionally, this optimal profile was improved by the internalizing properties of 

antibodies and by the residualizing properties of the used isotope. Indeed, 
89

Zr is trapped inside the 
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cell after antibody internalization, while 
125

I is released from the tumour after internalization (15). 

Thus, the labelling with intracellularly retained isotopes has an advantage over released ones both in 

diagnosis and therapy (37). Previous in vitro studies showed that iodinated mAbs are intracellularly 

catabolized with a rapid release of iodotyrosine from the cell. In contrast, residualizing radiolabels, 

such as radioactive metals, are retained intracellularly longer. This also might explain the higher 

tumour uptake with 
89

Zr compared with 
125

I.  Overall, direct radioiodination of anti-CD105 mAbs is a 

procedure that does not guarantee a stable labelling in vivo. This instability prevents reliable imaging 

of targeted tumours and is a serious limitation for assessing the potential advantage of the tracer for 

therapeutic applications. 
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CONCLUSIONS 

The major challenge in cancer immunodetection, imaging and therapy is to maximize the amount 

of antibody localizing at the tumour site, without an excessive accumulation in normal organs. 

Antibodies directed against endoglin were previously described as a valuable tool for imaging and/or 

treating cancers. The proven effectiveness of antibody therapies towards endoglin has led to 

increasingly focused interest on the CD105 as a cancer target. We previously studied the 

biodistribution of anti-CD105 mAbs radiolabelled with 
89

Zr before and after conjugation to gold 

nanoparticles (16). In this work, we characterized in vivo distribution of directly radioiodinated anti-

CD105 antibodies by using ex-vivo experiments, which were confirmed by non-invasive SPECT/CT 

imaging. The antibody radiolabelling with 
89

Zr is a multi-step and a time consuming method, since the 

antibody is previously functionalized with a chelate before radiolabelling. Moreover, 
89

Zr has a short 

half-life compared with that of 
125

I and requires an animal-PET scanner and special precautions in 

terms of radiations. In this context, a validated radioiodinated analogue is desirable. Radioiodinated 

mAbs are easily prepared through a direct radioiodination procedure and have been widely used for 

radioimmunodiagnosis and radioimmunotherapy (38,39). However, there is some concern about the 

reliability of using them for the characterization of tumour targeting, with minimizing nonspecific 

tissue uptake. Indeed, we reported in two tumour models that the tumour uptake of radioiodinated anti-

CD105 mAbs was low and not persistent compared with that of 
89

Zr-labelled anti-CD105 mAbs. 

These experiments indicate that the use of directly labelled anti-CD105 mAbs with radioiodine is a 

limitation for the accurate quantification of the biodistribution. Furthermore, the information, which 

may be obtained through the use of radioiodinated anti-CD105 mAbs as tracers for staging and 

response to therapy, may also be impaired because of the negative impact of in vivo deiodination. 

Indirect radioiodination leading to more stable tracers and preventing in vivo deiodination should be 

further investigated in order to validate the use of radioiodinated anti-CD105 mAbs for imaging. 

Finally, 
89

Zr-labelled mAbs are validated tracers for imaging of the CD105 receptor in tumours. 
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EXPERIMENTAL 

Anti-CD105 antibody purification and radiolabelling with 
125

I 

The rat mAb directed against mouse CD105 was produced from a hybridoma (clone MJ7/18), which 

was provided by the Developmental Studies Hybridoma Bank (Iowa University, Iowa City, IA, USA). 

First, the antibody was purified by protein G-affinity chromatography and dialysis into PBS (140 mM 

NaCl, 6 mM Na2HPO4, 3 mM KCl, 1 mM KH2PO4, pH 7.2), followed by size-exclusion 

chromatography on a Superdex 200 column (GE Healthcare Life Sciences, Belgium) using a 20 mM 

TRIS-HCl buffer (pH 7.5) containing 0.15 M NaCl. Then, the purified antibody was concentrated using 

a membrane filter device with a molecular weight cut-off of 10 kDa. Finally, the anti-CD105 mAbs 

were directly radiolabelled with 
125

I (3700 MBq mL
-1

, PerkinElmer Inc., Belgium) using chloramine T 

as an oxidant agent. In brief, a mixture of purified anti-CD105 mAbs (200 µg, 500 µL), 18.5 MBq of 

sodium iodide and 500 µL of chloramine T (10 mg mL
-1

) was mixed and reacted for 1 min at room 

temperature with stirring after 30 seconds. The reaction was stopped by adding 500 µL of sodium 

metabisultite (20 mg mL
-1

) as a reducing agent, after which 500 µL of cold sodium iodide (5 mg mL
-1

) 

was added. The radiolabelled antibody (
125

I-anti-CD105 mAbs) was separated from free iodide by 

passing through a Sephadex G-25 column (GE Healthcare Life Sciences, Belgium), preconditioned with 

PBS 0.01 M, pH 7.4. All solutions were previously filtrated on 0.22 µm filter.     

The radiochemical yield and purity were performed by using thin layer chromatography (TLC) 

with a mixture of MeOH-H2O (70:30, v/v) as a mobile phase. The TLC migration was followed by 

radio-TLC detection. The integrity of the antibody after radiolabelling was checked by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (8% SDS-PAGE gel, under nonreducing 

conditions). Detection of radioactive bands was performed with a radio-TLC analyser (Bioscan system 

200 imaging scanner) and with a Phosphor Imager (Fujifilm FLA-5100). 

In vitro stability of 
125

I-labelled anti-CD105 antibodies in storage solution and in plasma 

The chemical stability of purified 
125

I-anti-CD105 mAbs, stored in a solution of PBS 0.01 M, pH 

7.4 was checked for up to two months at 4°C. Samples were drawn at regular times and the proportion 

of free 
125

I was analyzed by radio-TLC.  

In vitro stability of purified 
125

I-anti-CD105 mAbs was also studied in fresh mouse plasma, by 

incubating the solution of radiolabelled mAbs (1:10 v/v dilution at a final concentration of 2.4 MBq 

mL
-1

; sodium azide added at 0.02%) at 37°C with stirring. At different times (5 min, 15 min, 1 h, 3 h, 

6 h, 24 h and 48 h), aliquots of plasma (5 µL) were analysed using radio-TLC. 
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Animal and tumour models 

Transplantable liver tumours (TLT hepatocarcinoma cells, ascites) were induced intramuscularly in 

the gastrocnemius muscle of male NMRI mice (40). Mouse melanoma cell line (B16F10-luc) was 

maintained in alpha minimum essential medium (MEM-alpha with glutamine, Gibco-Invitrogen, 

Belgium) supplemented with 10% heat-inactivated foetal bovine serum (FBS, Gibco-Invitrogen, 

Belgium), 1% streptomycin-penicillin (Gibco-Invitrogen, Belgium) and 1% MEM non-essential amino 

acids (Gibco-Invitrogen, Belgium). C57BL/6J male mice were inoculated subcutaneously in the flanks 

with 1 x 10
6
 B16F10-luc tumour cells. The mice were used for in vivo experiments when the diameter 

of tumours reached approximately 7-8.5 mm. All animal experiments were conducted in accordance 

with national and university animal care regulations. 

Ex-vivo biodistribution studies in mice 

Ex-vivo experiments were carried out for biodistribution assessment of 
125

I-labelled anti-CD105 

mAbs. In a first study, a group of NMRI mice bearing TLT xenografts (30-42 g, 5-7 weeks old; 

Janvier, France) were injected intravenously in the lateral tail vein with freshly prepared 73 ± 6 kBq of
 

125
I-anti-CD105 mAbs per mouse. Then, a second group of C57BL/6J mice (22-28 g, 5-6 weeks old; 

Janvier, France) bearing melanoma xenografts received intravenously 43 ± 3 kBq of
 125

I-anti-CD105 

mAbs per mouse. Typically, a group of three to four mice per time point after injection (5 min, 15 

min, 60 min, 6 h, 24 h, 48 h and 72 h for NMRI mice group; 5 min, 15 min, 60 min, 3 h, 6 h and 24 h 

for C57BL/6J mice group) were anesthetized, weighed, killed by cervical dislocation and dissected. 

The blood and organs were collected, and the radioactivity uptakes were expressed as percentages of 

the injected dose per gram of tissue (%ID g
-1

) and as tumour-to-blood ratios (T/B).  

Biodistribution studies using animal-SPECT/CT imaging 

SPECT/CT imaging was performed using a preclinical four-headed gamma-camera with integrated 

CT system (NanoSpect/CT, Bioscan Inc., Washington, D.C., USA) and dedicated multi-pinhole 

apertures, each with nine pinholes with a diameter of 1.4 mm. These apertures provide a reconstructed 

resolution of about 1.0 mm in a mouse-sized animal with an average sensitivity of 1800 cps/MBq 

across the field of view (with 
99m

Tc). The data were acquired in a step-and-shoot helical mode to 

include the whole mouse within the field of view. A group of three C57BL/6J male mice (23-24 g, 5-6 

weeks old; Janvier, France) bearing melanoma xenografts were injected intravenously in the lateral tail 

vein with a freshly prepared solution of 
125

I-anti-CD105 mAbs (3-3.7 MBq). The whole-body 

SPECT/CT imaging was performed under general anaesthesia by inhalation of 1.5% isoflurane 

(Abbott Laboratories, Belgium) mixed with 21% oxygen gas (2 L min
-1

). The mice were maintained in 

a prone position on a heated animal bed at 37 °C (Minerve, France). The static SPECT/CT acquisitions 
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were carried out at different times (1, 3, 6 and 24 h after injection). First, the SPECT images were 

acquired with a 20% energy window peaked at 28.4 keV, with an acquisition time varying between 20 

and 70 s per projection, and with 20 projections. This acquisition time was adapted to compensate for 

radioiodine clearance in order to ensure significant statistics (> 10000 total counts per projection), and 

resulted in a total imaging time ranging between 20 and 60 min. The projection data were 

reconstructed with HiSPECT NG software (Scivis GmbH, Göttingen, Germany) using an iterative 

reconstruction algorithm with a voxel size of 0.45 mm³. After SPECT acquisition, the animal 

remained anesthetized and a CT image was acquired using a standard resolution with a 45 kVp voltage 

and 500 ms exposure time, requiring about 5 min to image a whole mouse. The CT projections were 

reconstructed with a voxel size of 0.15 x 0.15 x 0.15 mm³ (41).  

SPECT/CT data analyses 

After SPECT data reconstruction, the images were analyzed using PMOD software (PMOD™, 

version 3.4, PMOD Technologies Ltd, Zurich, Switzerland). The regions of interest (ROIs) were 

delineated on the SPECT/CT fused images. Before the fusion of SPECT and CT images, the SPECT 

images were normalized. A calibration factor was empirically determined and used to convert the ROI 

value (total counts) to activity (kBq). A correction was also applied for acquisition duration and 

physical decay during acquisition. The image scale was corrected according to the SPECT calibration 

factor, the physical decay at the time of injection and the injected dose. This normalization was used to 

parameterize images in terms of percentage of the injected dose (%ID) for expressing the tissue 

uptake. The 2D ROIs were drawn on consecutive transversal slices that defined a 3D volume of 

interest around the tissue of interest. The tracer uptake was assessed in the thyroid, tumours and total 

body. A background region was also drawn in the pelvic region. The same background volume was 

applied for all animal analyses and was representative of tissues with low nonspecific uptake. Thus, 

the tumour uptake was also expressed as a tumour-to-background ratio (T/Bg), calculated as the mean 

activity in the tumour region divided by the mean activity obtained in the background region. The 

tumour uptake of 
125

I-anti-CD105 mAbs obtained through ex-vivo experiments for the group of 

dissected mice was compared with that obtained by SPECT/CT imaging for the group of imaged mice, 

in terms of tumour-to-nonspecific tissue ratios (T/Bg versus T/B).  
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Comparative in vivo studies of 
125

I- and 
89

Zr-labelled anti-CD105 mAbs  

In a previous study, we described the biodistribution of 
89

Zr-anti-CD105 mAbs using PET imaging 

in C57BL/6J mice bearing melanoma xenografts (16). Briefly, 
89

Zr was produced and purified in-house 

as previously described (42,43). 89
Zr-labelled anti-CD105 mAbs (

89
Zr-Df-Bz-NCS-anti-CD105) was 

prepared according to a protocol previously described (44,45). A group of five male mice (22-26 g, 5-6 

weeks old; Janvier, France) were inoculated subcutaneously in the flanks with 1 x 10
6
 B16F10-luc cells 

(one or two tumours per mouse), and were injected intravenously with freshly prepared 
89

Zr-anti-CD105 

mAbs (3.4-3.9 MBq). The whole-body PET images were acquired using a dedicated small-animal PET 

scanner (MOSAIC, Philips Medical Systems; Cleveland, USA). The PET scans were followed by 

whole-body acquisitions using a helical CT scanner (NanoSpect/CT, Bioscan Inc., Washington, D.C., 

USA) for anatomical reference. The PET/CT acquisitions were performed at different times after tracer 

injection (3, 6, 24, 48 and 72 h), and the treatment of PET images were performed as previously 

described (19). The ROIs were delineated on the PET/CT fused images using PMOD software 

(PMOD™, version 3.3, PMOD Technologies Ltd, Zurich, Switzerland), and the tracer uptake was 

assessed in the tumours and in a background region, which was delineated in the pelvic region. The 

tumour uptake values of 
89

Zr-anti-CD105 mAbs were expressed as %ID mL
-1

 and as T/Bg ratios for the 

comparison with that of 
125

I-anti-CD105 mAbs.   

Statistical Analysis 

The results are given as means ± SEM values from n animals. The data calculations were performed 

with Prism software (Graph Pad™ Software Inc., version 5.02). The differences in tissue uptake 

between two groups were considered significant if the p-values from unpaired t-tests (two-tailed) were 

≤ 0.05 (*), ≤ 0.01 (**) or ≤ 0.001 (***). The differences in tissue uptake at different times were 

assessed by the one-way analysis of variance and the Tukey post-hoc test. 
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Figures 

 

Fig. 1 Chromatographic profile of purified anti-CD105 mAbs (clone MJ7/18) using size-exclusion 

chromatography on a Superdex 200 column [i] and electrophoretic profile of 
125

I-anti-CD105 mAbs using SDS-

PAGE 8% under non-reducing conditions [ii] followed by radioactivity scanning (iii) and Phosphor Imager (iiii) 

analysis. Intact antibody [a], antibody fragment [b], antibody high chain [c] and antibody light chain [d].   

 

Fig. 2 Biodistribution profile of 
125

I-anti-CD105 mAbs in NMRI mice bearing TLT tumours at 5 min, 15 min, 60 

min, 6 h, 24 h, 48 h and 72 h after tracer injection. The tissue uptake is expressed as %ID g
-1

. Each mouse was 

injected intravenously with 73 ± 6 kBq of 
125

I-anti-CD105 mAbs. The results are expressed as means ± SEM (n 

= 3-4); note the axis break. 
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Fig. 3 Tumour to blood ratios (T/B) for TLT-bearing NMRI mice, injected with 
125

I-anti-CD105 mAbs (73 ± 6 

kBq per mouse, white bars), and for B16-bearing C57BL/6J mice, injected with 
125

I-anti-CD105 mAbs (43 ± 3 

kBq per mouse, black bars) at 5 min, 15 min, 60 min, 6 h and 24 h after tracer injection. The results are 

expressed as means ± SEM (n = 3-4). 

 

Fig. 4 Maximum intensity projection (MIP) images from SPECT/CT imaging (total imaging time between 20 

and 60 min) of one mouse bearing B16 tumour, injected with 
125

I-anti-CD105 mAbs (3-3.7 MBq) at 1, 3, 6 and 

24 h after injection. Thyroid [Thy], tumour inoculated subcutaneously in the right flank [T], stomach [S] and 

bladder [B]. MIP images were all normalized at the same maximum value. 
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Fig. 5 Thyroid uptake (●), tumour uptake (■) and total body clearance (▲) of 
125

I-anti-CD105 mAbs (%ID) in 

B16-bearing C57BL/6J mice after intravenous injection (3-3.7 MBq per mouse) at 1, 3, 6 and 24 h. Results are 

expressed as mean ± SEM (n = 3). 

 

Fig. 6 Tumour contrast in B16-bearing mice, injected with 
125

I-anti-CD105 mAbs (43 ± 3 kBq per mouse for ex-

vivo experiment, 3-3.7 MBq per mouse for SPECT/CT imaging) at 1, 3, 6 and 24 h after injection. Tumour 

contrast is expressed as tumour-to blood ratios (T/B, white bars) in ex-vivo experiment and as tumour-to-

background ratios (T/Bg, black bars) in SPECT/CT imaging. The results are expressed as means ± SEM (n = 3-

4). 



Results 

Results 

-91- 

 

Fig. 7 Tumour uptake expressed as %ID mL
-1

 [A] and tumour-to-background ratios (T/Bg) [B] of 
125

I-anti-

CD105 mAbs (black bars) at 3, 6 and 24 h after injection or 
89

Zr-anti-CD105 mAbs (white bars) in B16-bearing 

C57BL/6J mice at 3, 6, 24, 48 and 72 h after injection. Injected activity ranged from 3-3.7 MBq for 
125

I-anti-

CD105 mAbs, and from 3.4-3.9 MBq for 
89

Zr-anti-CD105 mAbs. Results are expressed as mean ± SEM (n = 3-

5). * p < 0.05, ** p < 0.01 and *** p < 0.0001. 
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Fig. 8 B16-bearing C57BL/6J mice, injected with 
125

I-anti-CD105 mAbs [A] or 
89

Zr-anti-CD105 mAbs [B]. 

Transaxial (upper) and coronal (lower) SPECT/CT images were obtained at 3, 6, and 24 h after injection (total 

imaging time between 20 and 60 min) [A]. Transaxial (upper) and coronal (lower) PET/CT images were 

obtained at 3, 6, 24, 48 and 72 h after injection (total imaging time between 15 and 30 min). Color scales 

expressed as %ID mL
-1

, indicated radioactivity uptake levels in tumours (green arrows), in liver (white arrows), 

in lungs (blue arrows) and in stomach (brown arrows). The tumour is indicated with “T” letter and the stomach 

with “S” letter. 
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III.  Targeting cancer cells using 
89

Zr-labelled anti-EGFR antibody-

conjugated gold nanoparticles 

Because of the observed limitations of direct radioiodination, 
89

Zr was used for antibody 

radiolabelling in our following studies. The third study describes in vivo distribution of 
89

Zr-

labelled anti-EGFR antibody before and after conjugation to gold nanoparticles. The tissue 

uptakes of the tracer, with a focusing on tumour uptake, and the anti-EGFR antibody 

specificity after the nanoparticle conjugation were assessed through quantitative PET 

imaging. 
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Supplementary material 

 

Online Resource 1: Electrophoretic profiles of 
89

Zr-Df-Bz-NCS-cetuximab (a) and AuNPs-PPAA-cetuximab-

89
Zr (b) using SDS-PAGE 10% under non-reducing conditions (i) followed by radio-TLC (ii) and Phosphor 

Imager (iii) analysis. 

 

Online Resource 2: Size distribution given by differential centrifugal sedimentation (CPS Instruments, Inc.) for 

AuNPs (dashed line) and AuNPs-PPAA-cetuximab (solid line). 
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IV.  Targeting cancer cells using 
89

Zr-labelled anti-endoglin antibody-

conjugated gold nanoparticles 

The last study describes the pharmacokinetic profile of anti-endoglin antibodies conjugated 

to gold nanoparticles for the first time. The biodistribution of
 89

Zr-labelled anti-CD105 mAbs 

before and after the nanoparticle conjugation was assessed through PET/CT imaging. The 

tissue uptakes, and particularly the tumour uptake, were quantified through PET/CT imaging. 

In vitro binding studies, in vivo blocking experiments and ICP-MS analysis were carried out 

to determine the antibody specificity after the nanoparticle conjugation. 
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Zr-labelled anti-endoglin antibody-targeted gold nanoparticles for 

imaging cancer: implications for future cancer therapy 

Linda Karmani, Virginie Bouchat, Caroline Bouzin, Philippe Levêque, Daniel Labar, Anne 

Bol, Gladys Deumer, Riccardo Marega, Davide Bonifazi, Vincent Haufroid, Carine Michiels, 
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Abstract  

Aims: Antibody-labelled gold nanoparticles represent an attractive tool for cancer imaging 

and therapy. In this study, the anti-CD105 antibody was conjugated with gold nanoparticles 

(AuNPs) for the first time. The antibody biodistribution in mice before and after conjugation 

to AuNPs was studied, with a focusing on tumour targeting. 

Materials and methods: Antibodies were radiolabelled with 
89

Zr before conjugation to 

AuNPs (5 nm). Immunonanoconjugates were characterized in vitro in terms of size, stability 

in plasma and binding to the target. Quantitative PET imaging and ICP-MS analysis assessed 

in vivo distribution and specific tumour targeting of tracers.  

Results: The tumour uptake of immunoconjugates was preserved up to 24 h after injection, 

with high tumour contrast and selective tumour targeting. No major tracer accumulation was 

observed over time in nonspecific organs. ICP-MS analysis confirmed the antibody specificity 

after nanoparticle conjugation. 

Conclusion: The anti-CD105 antibody conjugation to AuNPs did not greatly affect the 

CD105-dependent tumour uptake and the efficacy of tumour targeting for cancer detection.  
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Introduction 

 Immunotargeted gold nanomaterials represent an attractive tool for cancer imaging and 

treatment [1]. During the past decade, the biomedical use of gold nanoparticles (AuNPs) has 

piqued interest owing to their good biocompatibility and their interesting optical properties, 

which can be used to improve the management of cancer [2]. Recently, promising 

applications of AuNPs-based systems as contrast agents for cancer imaging [3] or therapeutic 

agents for photothermal therapy have been reported [4]. Interestingly, AuNPs can be easily 

modified with various ligands, including specific monoclonal antibodies (mAbs). 

Functionalization of AuNPs surface with mAbs enables them to have an adequate 

biodistribution as well as to specifically target and be accumulated in cells that express or 

overexpress a specific surface membrane antigen. Thus, the resulting gold 

immunonanoconjugates is expected to be a good strategy for enhancing the efficacy of 

tumour targeting while reducing toxicity in normal tissues [5]. 

 In this study, we functionalized AuNPs by choosing mAbs directed against endoglin 

(CD105), a homodimeric cell surface glycoprotein that is overexpressed on angiogenic 

vascular endothelial cells [6-13] and in some cancer cells, such as melanoma [14, 15] and 

choriocarcinoma cells [16]. Furthermore, vascular density of CD105, determined using the 

anti-CD105 mAbs, is correlated with the tumour prognosis [17], the risk of developing 

metastatic disease [18] and the recurrence of malignancy [19]. Recently, several studies have 

indicated that CD105 represents a more specific and sensitive marker for tumour angiogenesis 

and tumour progression than the commonly used pan-endothelial markers, such as CD34 and 

CD31 in various types of human malignancies [17, 20-22]. Thus, CD105 targeting has been 

used as an antiangiogenic therapy based on attacking both of the tumour neovasculature, in 

addition to directly attacking cancer cells that overexpress CD105 [23]. Nevertheless, tumours 

may still become resistant to antiangiogenic therapy [24]. Preclinical studies indicate that 

combining these agents with conventional cytotoxic agents or radiation therapy results in an 

additive or even synergistic antitumor effect [25]. Other approaches are to provide 

immunoconjugates with either immunotoxins or radioantibodies, which are effective for 

suppression of tumour growth [26-31] and metastasis [32]. Although anti-endoglin mAbs are 

successfully used as intrinsic therapeutic agents, they can also be used as targeting agents. 

Within this context, antibody-targeted gold nanoparticles may represent an interesting 
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combined approach for improving the efficacy of the standard inhibitors of angiogenesis 

thanks to the photophysical properties of gold. 

 The main goal of this work is to characterize the impact of nanoparticle conjugation 

reaction on target recognition properties of anti-CD105 mAbs in vitro and in vivo. Recently, 

we described the synthesis and characterization of cetuximab-targeted gold nanoparticles. We 

investigated the impact of nanoparticle conjugation on cetuximab biodistribution and tumour 

targeting through ex-vivo biodistribution study [33] and in vivo noninvasive PET imaging 

[34]. We demonstrated that the conjugation of cetuximab to AuNPs did not significantly 

affect the EGFR-dependent tumour uptake in mice. The present study was designed to assess 

the in vivo distribution of anti-endoglin mAbs conjugated to AuNPs compared to that of 

unconjugated mAbs, and to explore the effect of nanoparticle conjugation on tumour 

targeting. To trace these immunoconjugates, anti-CD105 mAbs were radiolabelled in advance 

using zirconium-89 (
89

Zr). 
89

Zr has an ideal long physical half-life (78.41 h) for positron 

emission tomography (PET) imaging [35] of intact mAbs, which require time (typically 2-4 

days) to reach optimal biodistribution and tumour targeting [36].  
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Materials and methods 

Production and characterization of 
89

Zr-labelled anti-CD105 mAbs 

 89
Zr was produced and purified in-house as previously described [34, 37, 38]. The rat anti-

mouse CD105 mAb was produced from an hybridoma (clone MJ7/18), which was provided 

by the Developmental Studies Hybridoma Bank (Iowa University, Iowa City, IA, USA). 
89

Zr-

labelled anti-CD105 mAbs (
89

Zr-Df-Bz-NCS-anti-CD105) was prepared according to a 

protocol previously described [39,40]. First, the antibody was purified by protein G-affinity 

chromatography and dialysis into PBS (140 mM NaCl, 6 mM Na2HPO4, 3 mM KCl, 1 mM 

KH2PO4, pH 7.2) followed by size-exclusion chromatography on a Superdex 200 column (GE 

Healthcare Life Sciences, Belgium) using a 20 mM TRIS-HCl buffer (pH 7.5) containing 0.15 

M NaCl. Then, the purified mAbs was functionalized with the bifunctional chelating agent p-

isothiocyanatobenzyl-desferrioxamine (Df-Bz-NCS, Macrocyclics, Dallas, TX, USA) as 

previously described [34]. Finally, the functionalized antibody (Df-Bz-NCS-anti-CD105) was 

purified by size exclusion chromatography using a PD10 column (GE Healthcare Life 

Sciences, Belgium) and radiolabelled with the produced 
89

Zr-oxalate (74-111 MBq).  

The radiochemical yield and purity were determined by using instant thin-layer 

chromatography (ITLC) and 20 mM citric acid (pH 4.9-5.1) as the mobile phase. ITLC 

migration was followed by radio-TLC detection (Mini-Gita TLC scanner, Raytest, Germany) 

which showed that the radiolabelled antibody migrated with Rf < 0.1, whereas unbound 
89

Zr 

migrated to the solvent front. In addition, the integrity of the antibody after radiolabelling was 

checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% SDS-PAGE gel, 

under nonreducing conditions), followed by radio-TLC detection (Bioscan system 200 

imaging scanner), or by gel scanning using Phosphor Imager (Fujifilm FLA-5100) analysis. 

Synthesis and characterization of 
89

Zr-labelled anti-CD105 mAbs conjugated to AuNPs 

AuNPs were synthesized and coated with plasma-polymerized allylamine (PPAA) through 

physical vapour deposition technique (PVD) as previously described by our group [41]. The 

coated nanoparticles (AuNPs-PPAA) were purified as previously reported [33]. Anti-CD105 

mAbs were conjugated to AuNPs-PPAA using carbodiimide chemistry and purified as 

previously described in our latest works [33-34]. The efficiency of the conjugation reaction 

between AuNPs-PPAA and 
89

Zr-labelled anti-CD105 mAbs was assessed using gel 
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electrophoresis (10% SDS-PAGE gel, under nonreducing conditions), followed by a radio-

TLC analysis.  

Physicochemical characterizations of AuNPs-PPAA and the immunonanoconjugates were 

performed as previously detailed [33, 34, 41, 42]. In brief, transmission electron microscopy 

(TEM, Philips Tecnai 10 transmission electron microscope) was carried out to assess the 

morphology and size distribution of AuNPs-PPAA. Differential centrifugal sedimentation 

(DCS; DC 24000 Disk Centrifuge; CPS Instruments, Inc.) was performed to determine the 

size of 
89

Zr-labelled mAbs conjugated to AuNPs (
89

Zr-anti-CD105-AuNPs-PPAA) by 

measuring the time required for these immunonanoconjugates to traverse a sucrose density 

gradient created in a disk centrifuge. This method used calibrated gold nanoparticles coated 

layer-by-layer with polyelectrolytes to estimate the size of the tracer [33].  

Cell culture and cell surface ELISA 

Mouse melanoma cell line (B16F10-luc) and embryonic endothelial progenitor cells 

(eEPC) were maintained in alpha minimum essential medium (MEM-alpha with glutamine, 

Gibco-Invitrogen, Belgium) supplemented with 10% heat-inactivated foetal bovine serum 

(FBS, Gibco-Invitrogen, Belgium), 1% streptomycin-penicillin (Gibco-Invitrogen, Belgium) 

and 1% MEM non-essential amino acids (Gibco-Invitrogen, Belgium), or in Dulbecco’s 

modified Eagle’s medium (DMEM glucose 4.5 g l
-1

 without pyruvate, Gibco-Invitrogen, 

Belgium), supplemented with 10% foetal bovine serum and 1% streptomycin-penicillin 

respectively. 

B16F10-luc or eEPC cells (10
4
 cells per well) were grown in 96-well plates (Thermo 

Fisher Scientific, Belgium) 24 h prior to the ELISA test. Cells were washed once with PBS 

for cell culture (Lonza, Belgium), then fixed for a 10 min strict with PBS containing 4% 

paraformaldehyde. After one wash with PBS, wells were blocked with 5% non-fat dry milk in 

PBS for 1 h at room temperature. Cells were rinsed twice with PBS and once with PBS 

containing 1% BSA (1% BSA-PBS) for 5 min. Anti-CD105 mAbs and anti-CD105-AuNPs-

PPAA were added to the cells at various concentrations for 1 h at room temperature. Wells 

were washed six times with 1% BSA-PBS. Then, goat anti-rat IgG conjugated to peroxidase 

(Jackson Immunoresearch Laboratories, Belgium) diluted in 1% BSA-PBS at 0.32 mg ml
-1

 

was added for 30 min at room temperature. After three washing steps with 1% BSA-PBS, the 

enzyme activity was revealed by adding 100 µl of TMB substrate (Merck Chemicals, 
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Belgium) to each well for 20 min in the dark. The reaction was stopped with 250 mM HCl 

and the cell binding was quantified spectrophotometrically at 450 nm. 

In vitro stability of radioimmunoconjugates in plasma 

In vitro stability of both purified 
89

Zr-Df-Bz-NCS-anti-CD105 and 
89

Zr-anti-CD105-

AuNPs-PPAA was studied in fresh mouse plasma, by incubating the solution of radiolabelled 

mAbs (1:2 v/v dilution at a final concentration of 1.1 MBq ml
-1

; sodium azide added at 

0.02%) at 37 °C with stirring. At different times after incubation (6, 24, 48 and 72 h), aliquots 

of plasma (10 µl) were analysed using radio-ITLC.  

Comparative biodistribution studies in mice using animal PET/CT imaging  

For the biodistribution assessment using PET imaging, C57BL/6J male mice (22-26 g, 5-6 

weeks old; Janvier, France) bearing melanoma xenografts were used. The mice were 

inoculated subcutaneously in the flanks with 1 x 10
6
 B16F10-luc cells (one or two tumours 

per mouse). After about ten days, the diameter of the tumours had reached 7.5-8.5 mm and the 

mice were ready for in vivo experiments. All animal experiments were conducted in 

accordance with national and university animal care regulations. 

To compare the pharmacokinetic profiles of native radiolabelled mAbs and those 

conjugated to AuNPs, two groups of three to five mice were injected intravenously in the 

lateral tail vein with either freshly prepared 
89

Zr-Df-Bz-NCS-anti-CD105 or with 
89

Zr-anti-

CD105-AuNPs-PPAA (2.9-4.1 MBq, total of 350-400 µg mAbs per mouse). Additionally, to 

assess the in vivo specificity of anti-CD105 mAbs conjugated to AuNPs, a group of three B16 

melanoma-bearing mice (blocking group, two tumours per mouse) was injected with an 

excess of unlabelled anti-CD105 mAbs (2 mg mAbs per mouse) 2 h before the injection of 

89
Zr-anti-CD105-AuNPs-PPAA

 
(3.6-4.1 MBq, total of 200 µg mAbs per mouse) as previously 

described [43]. The blocking group was compared with the group of mice who received only 

89
Zr-anti-CD105-AuNPs-PPAA without a saturating dose.  

Whole-body PET images were acquired using a dedicated small-animal PET scanner 

(MOSAIC, Philips Medical Systems; Cleveland, USA) with an intrinsic spatial resolution of 

2.5 mm (full width at half maximum) [44]. The PET scans were followed by whole-body 

acquisitions using a helical CT scanner (NanoSpect/CT, Bioscan Inc., Washington, D.C., 

USA) for anatomical reference. The PET/CT acquisitions were performed at different times 
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after tracer injection (3, 6, 24, 48 and 72 h). All imaging procedures were performed under 

anaesthesia with 1.5% isoflurane (Abbott Laboratories, Belgium) / oxygen gas mixture (2 l 

min
-1

). Mice were maintained in a prone position on a heated animal bed at 37 °C (Minerve, 

France). The PET acquisition durations were adapted to compensate for decay and ensure 

significant statistics (above 10000 total counts). The emission scans were followed by 

transmission scans using a 370 MBq 
137

Cs source for attenuation correction. All PET scans 

were reconstructed with a fully 3D iterative algorithm (3D-RAMLA) in a 128 x 128 x 120 

matrix, with a voxel size of 1 mm³. After PET acquisition, the animal remained anesthetized 

and was transferred on the same bed from the PET scanner to the CT scanner (spatial 

resolution 48 µm, X-ray tube voltage 55 kVp, X-ray tube current 145 µA, number of 

projections 180, exposure time 1000 ms). The CT projections were reconstructed with a voxel 

size of 0.221 x 0.221 x 0.221 mm³.  

Before the PET and CT images were fused, the PET images were normalized according to 

a PET calibration factor including the positron branching ratio, the physical decay to the time 

of injection, the acquisition duration and the injected dose. This normalization was used to 

parameterize images in terms of percentage of the injected dose per millilitre. Regions of 

interest (ROIs) were delineated on the PET/CT fused images. The 2D ROIs were drawn on 

consecutive transversal slices using PMOD software (PMOD™, version 3.3, PMOD 

Technologies Ltd, Zurich, Switzerland) as previously described [34]. The tracer uptakes were 

assessed in the liver, lungs and tumours. Moreover, we defined a ROI, called background 

region, which was representative of tissues with low nonspecific uptake. The same 

background volume was drawn in the pelvic region of all animals, far from hot spots (organs 

with high uptake). The background signal was used to assess the specific-to-nonspecific tissue 

uptake, and particularly to estimate the tumour contrast, which was also expressed as tumour-

to-background ratio, and which was calculated as the mean activity in the tumour region 

divided by the mean activity obtained in the background region. Finally, we quantified the 

blood activity over time by drawing ROIs within the ventricular cavity of heart, based on 

anatomical CT images fused with PET images (see online supplementary figure 1). 
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Quantification of gold (Au) in tumours by ICP-MS  

To compare the gold distribution of free nanoparticles to that of conjugated mAbs, two 

groups of four B16 melanoma-bearing mice were injected intravenously in the lateral tail vein 

with either freshly prepared AuNPs-PPAA (a total of 36 µg Au per mouse) or with 
89

Zr-anti-

CD105-AuNPs-PPAA (a total of 18 µg Au per mouse, corresponding to 100 µg mAbs per 

mouse). Moreover, to confirm the in vivo specificity of anti-CD105 mAbs conjugated to 

AuNPs, a group of four B16 melanoma-bearing mice (blocking group) was injected with an 

excess of unlabelled anti-CD105 mAbs (2 mg mAbs per mouse) 2 h before the injection of 

anti-CD105-AuNPs-PPAA (a total of 22 µg Au per mouse, corresponding to a total of 200 µg 

mAbs per mouse). The blocking group was compared to the group of mice which received 

only anti-CD105-AuNPs-PPAA without a saturating dose. After 6 h, the animals were 

sacrificed. The blood and tumours were collected, weighed, freeze-dried and processed for 

gold content determination. The samples were hydrolyzed using 4 ml of pure 65% nitric acid 

(Merck chemicals, Belgium) in a water bath at 60 °C until complete solubilization of tissues. 

The analytical determination of gold (
197

Au) in the samples was performed by inductively 

coupled plasma mass spectrometry (ICP-MS, type Agilent 7500cx, Agilent Technologies, 

Germany). The homogenized samples were diluted 100 times in a basic diluent (2% butanol, 

0.05% EDTA, 1% NH4OH and 0.05% triton) containing iridium (
193

Ir) as an internal 

standard. The gold content of the samples was quantified by plotting the calibration curve 

with known concentrations of a gold standard solution (Merck Chemicals, Belgium) used for 

the external calibration. The amount of Au detected in the tumours was expressed as a 

percentage of the injected dose and as a tumour-to-blood ratio. 

Statistical Analysis 

Data calculations were performed with Prism software (Graph Pad™ Software Inc., 

version 5.02). The differences in tissue uptake of radioactivity between two groups were 

considered significant if the p-values from non-parametric two-tailed Mann-Whitney tests 

were ≤ 0.05 (*) or ≤ 0.01 (**). The differences in tissue uptake of radioactivity at different 

times were assessed by one-way analysis of variance and the Tukey post-hoc test. The 

differences in tissue uptake of gold between two groups were considered significant if the p-

values from unpaired t-tests (two-tailed) were ≤ 0.05 (*) or ≤ 0.01 (**).  
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Results  

Characterization of radioimmunoconjugates before and after nanoparticle conjugation  

Df-Bz-NCS-anti-CD105 was radiolabelled with 
89

Zr with a mean radiochemical yield of 

49.7 ± 13.2 % (n = 3), whereas the radiochemical purity immediately after purification was > 

95%. The resulting specific activity was 55.5 ± 14.3 MBq mg
-1

 of mAbs (n = 3). 

Electrophoresis of 
89

Zr-labelled anti-CD105 mAbs under nonreducing conditions followed by 

radio-TLC and autoradiography showed a single band of 150 kDa corresponding to
 89

Zr-Df-

Bz-NCS-anti-CD105 and a single peak of radioactivity (see online supplementary figure 2A), 

which means that the antibody integrity was preserved after the labelling reaction. 

Electrophoresis of antibody-labelled gold nanoparticles under nonreducing conditions 

followed by radio-TLC showed a lower migration of 
89

Zr-anti-CD105-AuNPs-PPAA 

compared to that of 
89

Zr-Df-Bz-NCS-anti-CD105 and two peaks of radioactivity 

corresponding to the positions of the two species on the gel (see supplementary online figure 

2B). The percentage of radioactivity linked to the peak of 
89

Zr-anti-CD105-AuNPs-PPAA 

expressed the coupling reaction yield, which was > 75%. The nanoparticle diameters observed 

by TEM imaging ranged from 3 to 10 nm (mean diameter of 4.8 ± 1.7 nm) [33]. The mean 

diameter of anti-CD105-AuNPs-PPAA was determined by differential centrifugal 

sedimentation and was estimated at about 102.6 ± 4.0 nm (Fig. 1). This technique gives an 

“apparent diameter”, which may be affected by the non-perfect spherical shape of analyzed 

particle and by the nanoparticle coating. The size of anti-CD105-AuNPs-PPAA was not 

available through TEM imaging because the contrast was dominated by AuNPs, so that the 

nanoparticle coating was not visible. Moreover, it is likely that the carbodiimide reaction 

produces to some extent polymerized mAbs, which would increase the apparent diameter of 

the conjugates. Finally, the in vitro stability of radioimmunoconjugates in plasma showed that 

89
Zr was slightly dissociated from the antibody over time. Starting from a solution without 

free 
89

Zr (100% purity), the percentages of dissociation were lower by 5% after 6 h, 10% after 

24 h, 15% after 48 and 72 h for both radioimmunoconjugates. 
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In vitro assessment of CD105 targeting 

A cell-based ELISA study investigated the relative binding affinity of anti-CD105 mAbs 

towards endoglin overexpressing cells before and after antibody conjugation to AuNPs. For 

this purpose, we chose the B16F10-luc melanoma cell line, known for its CD105 

overexpression (CD105+) [14, 15]. The eEPC cell line was selected as negative control cells 

that do not express CD105, based on qualitative immunohistochemistry results and in vitro 

quantitative ELISA tests (data not shown). Different concentrations of anti-CD105 mAbs and 

anti-CD105-AuNPs-PPAA were tested on both CD105+ and CD105- cells (Fig. 2). As 

expected, anti-CD105 mAbs bound to CD105+ cells in a concentration-dependent way, but 

not to CD105- cells. Interestingly, anti-CD105-AuNPs-PPAA also bound to CD105+ cells in 

a concentration-dependent manner, suggesting retention of the target recognition property 

after nanoparticle conjugation. The relative binding affinity of anti-CD105 mAbs before and 

after conjugation to AuNPs was quantified as a half-maximal effective concentration (EC50). 

The EC50 value was reduced from 1 µg ml
-1

 (for anti-CD105 mAbs) to 5 µg ml
-1

 (for anti-

CD105-AuNPs-PPAA). The relative binding affinity remains on the same range (less than 1 

log) before and after antibody conjugation to gold nanoparticles. This lower CD105 binding 

affinity of conjugated antibody was confirmed in vivo by blocking experiments as described 

below. 

PET evaluation of 
89

Zr-labelled anti-CD105 mAbs biodistribution in mice before and 

after coupling reaction to AuNPs  

Two groups of B16 melanoma-bearing mice were injected with 
89

Zr-Df-Bz-NCS-anti-

CD105 or with 
89

Zr-anti-CD105-AuNPs-PPAA respectively. We compared the 

pharmacokinetic behaviour of 
89

Zr-anti-CD105-AuNPs-PPAA with that of 
89

Zr-Df-Bz-NCS-

anti-CD105, as a reference compound. Figure 3 shows representative PET/CT images of mice 

bearing B16 tumour xenografts at different times after tracer injection (3, 6, 24, 48 and 72 h), 

and compares the distribution of 
89

Zr-Df-Bz-NCS-anti-CD105 (Fig. 3A) and 
89

Zr-anti-

CD105-AuNPs-PPAA (Fig. 3B) respectively. At the different times after injection, 

accumulation of the two tracers was predominantly observed in the liver (red arrows) and in 

tumours implanted in the legs (yellow arrows). The lung uptake (green arrows) was observed 

only at early times (3 and 6 h). A similar pattern was observed for both 

radioimmunoconjugates, but with visually higher liver, spleen and lung uptakes for 
89

Zr-anti-
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CD105-AuNPs-PPAA than for 
89

Zr-Df-Bz-NCS-anti-CD105 (Fig. 3). This distribution 

pattern remained constant at later times for the liver and spleen. 3D videos representing 

PET/CT fusion MIP (maximum intensity projection) of mice that received 
89

Zr-Df-Bz-NCS-

anti-CD105 or 
89

Zr-anti-CD105-AuNPs-PPAA are available online as supplementary 

materials 3 and 4, respectively. 

For each time point considered, it must be mentioned that quantification of liver and lung 

uptakes showed no significant difference between the two groups (Fig. 4), despite the visually 

more pronounced tracer uptake observed on PET/CT images for 
89

Zr-anti-CD105-AuNPs-

PPAA compared to unconjugated antibody (Fig. 3). The liver and lung uptakes were fast, with 

maximum values observed 3 h after tracer injection. The maximum liver uptake was about 

14.9 ± 2.8 %ID ml
-1

 for 
89

Zr-anti-CD105-AuNPs-PPAA and 11.7 ± 1.1 %ID ml
-1

 for 
89

Zr-Df-

Bz-NCS-anti-CD105 (Fig. 4A), whereas the maximum lung uptake was about 15.2 ± 3.6 %ID 

ml
-1

 for 
89

Zr-anti-CD105-AuNPs-PPAA and 11.61 ± 1.0 %ID ml
-1

 for 
89

Zr-Df-Bz-NCS-anti-

CD105) (Fig. 4B).  

The major differences between the biodistribution patterns were observed for tumour uptake 

(Fig. 5). In the tumour, the kinetics were relatively fast for both conjugated and unconjugated 

mAbs (Fig. 5A), with a maximum uptake reached after 24 h, followed by a plateau phase (6.5 

± 0.4 %ID ml
-1

 for 
89

Zr-Df-Bz-NCS-anti-CD105 and 4.6 ± 0.1 %ID ml
-1

 for 
89

Zr-anti-CD105-

AuNPs-PPAA). A decrease in tumour uptake was observed starting 24 h after injection in 

favour of unconjugated mAbs. However, a continuous increase in tumour-to-background ratio 

was observed over time, with no difference between the two groups (Fig. 5A). Finally, the 

specificity of tumour uptake was investigated by administering a saturating dose of unlabelled 

anti-CD105 mAbs 2 h before 
89

Zr-anti-CD105-AuNPs-PPAA injection. This saturation 

experiment showed that the CD105 binding of 
89

Zr-anti-CD105-AuNPs-PPAA was markedly 

reduced in the tumour up to 24 h after injection (Fig. 6). In fact, the residual activity in the 

tumour was significantly lower for the blocking group at 3, 6 and 24 h after injection compared 

with the tumour uptake in mice injected with only 
89

Zr-anti-CD105-AuNPs-PPAA. The tumour 

uptake value in the blocking group 6 h after injection (1.9 ± 0.2 %ID ml
-1

) was reduced by a 

factor of 2.5 compared to that for mice receiving only 
89

Zr-anti-CD105-AuNPs-PPAA (4.7 ± 

0.2 %ID ml
-1

).  
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Assessment of gold content in tumours by ICP-MS 

Gold content was measured in blood and tumours by ICP-MS at 6 h after tracer injection. 

In the normal situation, the presence of Au is detectable without background in the body. 

Figure 7A shows that the amount of Au expressed as a percentage of the injected dose in 

tumours was significantly higher for mice receiving anti-CD105-AuNPs-PPAA (3.3 ± 0.4 

%ID) than for those receiving AuNPs-PPAA (1.8 ± 0.1 %ID). Moreover, the tumour-to-blood 

ratio was also significantly higher for the group of mice injected with anti-CD105-AuNPs-

PPAA compared to the group of mice receiving free AuNPs (Fig. 7B). The specificity of anti-

CD105 mAbs after nanoparticle conjugation was confirmed by repeating the blocking 

experiment. The gold quantification in tumours after injecting a saturating dose of anti-

CD105 mAbs 2 h before the anti-CD105-AuNPs-PPAA injection showed a significant 

decrease in gold content (1.3 ± 0.1 %ID) compared to the group of mice receiving only anti-

CD105-AuNPs-PPAA (3.3 ± 0.4 %ID) at 6 h after injection (Fig. 7A). The tumour-to-blood 

ratio values for the blocking group reached those for free nanoparticles and were significantly 

lower than those of mice receiving anti-CD105-AuNPs-PPAA without a prior saturating dose 

(Fig. 7B). 
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Discussion 

Because our group has recently developed a method for synthesizing AuNPs [41] and has 

successfully investigated the in vivo distribution of cetuximab conjugated to AuNPs [34], we 

have expanded our studies of nanoparticle vectorization through conjugation to mAbs by 

choosing the anti-CD105 mAb, which is still little-known but seems to be promising for 

targeting tumour cells and angiogenic vascular endothelial cells. We combined the targeting 

properties of anti-CD105 mAbs and the favourable imaging properties of 
89

Zr. Our major goal 

was to further characterize the in vivo distribution of these antibody-targeted gold 

nanoparticles, with a focusing on tumour targeting, and to assess the in vivo impact of 

nanoparticle conjugation on the antibody target recognition by using noninvasive PET 

imaging.  

The biodistribution pattern of 
89

Zr-anti-CD105-AuNPs-PPAA and that of 
89

Zr-Df-Bz-

NCS-anti-CD105 showed liver, spleen and lung uptakes (Fig. 3). First, the liver uptake 

quantification was not significantly different between the two groups (Fig. 4A). It is known 

that one of the limitations of antibody-based imaging is the high background signal in the 

reticuloendothelial system (RES), which was particularly illustrated in our study by the liver 

uptake of the tracers. Furthermore, the large nanoparticles (100 nm) are not excreted in urine, 

which causes their extended presence in the circulation. Thus, the nanoparticles are eliminated 

from the blood by the RES and are accumulated in the spleen and liver [45]. On the other 

hand, the vascular endothelium structure of liver and spleen are discontinuous with large 

fenestrations, thus allowing nanomaterials (up to 100 nm) to pass through the endothelium 

and to be accumulated in these tissues [46]. Visually, the PET images showed that the liver 

uptake seemed to be increased after antibody conjugation to AuNPs (Fig. 3). The colloidal 

properties of AuNPs could be the cause of this effect.  

The same finding was observed for the lungs. Visually, the PET images showed that the 

lung uptake seemed to be higher for 
89

Zr-anti-CD105-AuNPs-PPAA than for 
89

Zr-Df-Bz-

NCS-anti-CD105 only at early times (3 and 6 h after injection) (Fig. 3). However, the lung 

uptake quantification showed no significant difference between the two groups at each time 

after injection (Fig. 4B). First, no increase in lung accumulation was observed over time. The 

conjugates were cleared from lungs starting 24 h after injection. The alveolar macrophage 

activity of lungs might be the mechanism by which the conjugates were cleared [47]. The 
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translocation of nanoparticles out of the lungs through lymphatic vessels was also described 

[48]. Further studies should be done to explore the lung clearance of our synthesized 

conjugates because the particle size, shape, surface properties and formulation affect the 

nanoparticle entrapment and the subsequent efficient uptake by macrophages [49]. Then, the 

constitutive expression of CD105 in vascularised organs like lungs may explain the lung 

uptake. Moreover, previous studies showed that high levels of CD105 expression are seen in 

the distal vessels of mouse lung [50]. Other studies described the size-dependent 

biodistribution of AuNPs and showed that nanoparticles sized 100 nm were only significantly 

deposited in the liver, spleen and blood [51]. Finally, our blocking experiments showed the 

decrease of the immunanoconjugates uptake in lungs, liver and spleen for mice receiving a 

saturating dose of unlabelled mAbs (data not shown). However, we cannot exclude some 

aggregation of the conjugates in vivo after intravenous injection, which might increase the 

lung uptake without observed any obvious respiratory problem, such as pulmonary embolism. 

In this regard, a special attention should be paid if these nanoconjugates are injected at higher 

doses, such as for therapeutic purposes.  

It must be mentioned that no major accumulation of radioactivity was observed in 

nonspecific organs, aside from liver, spleen, lungs, and to a lesser extent bones. Starting 24 h 

after injection, PET images displayed distinct hot spots in joints (shoulders and knees) that 

might be assigned to the detachment of 
89

Zr from the desferal moiety (Fig. 3). In fact, we 

observed that the two tracers were not fully stable under physiological conditions, with a 

release of up to 10% free 
89

Zr being observed after 24 h of tracer incubation in plasma. 

Previous studies, including our latest study with cetuximab conjugated to gold nanoparticles 

[34, 52], reported a similar pattern of skeleton uptake and attributed the constant bone 

accumulation to the strong affinity of free 
89

Zr ions for hydroxylapatite and phosphate 

constituents of bones. In fact, zirconium is known to bind to plasma proteins and it is later 

deposited in mineral bone [53]. Other studies hypothesized that high murine bone uptake is 

also due to the liver metabolism of the conjugate and the release of free 
89

Zr into the 

circulation [54]. 

With regard to tumour targeting, we observed that the tumour uptake expressed as %ID ml
-1

 

was significantly decreased after nanoparticle conjugation, starting one day after injection. This 

decrease was confirmed by the results of in vitro ELISA test. Nevertheless, the tumour-to-

background ratio remained good without a significant difference before and after nanoparticle 
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conjugation. Thus, the preservation of high tumour contrast after nanoparticle conjugation 

supports the good imaging properties of these radioimmunonanoconjugates. 

We compared current data with those obtained previously with cetuximab conjugated to 

AuNPs [34]. For 
89

Zr-cetuximab-AuNPs-PPAA, the tumour uptake was not significantly 

lower than for 
89

Zr-Df-Bz-NCS-cetuximab up to 72 h after injection, with preserved tumour 

contrast. Indeed, our previous studies showed that in vitro binding activity of 
89

Zr-cetuximab-

AuNPs-PPAA (EC50 value of 0.19 µg ml
-1

) was reduced by a factor of two compared to 
89

Zr-

Df-Bz-NCS-cetuximab (EC50 value of 0.08 µg ml
-1

) [33], while the EC50 value of 
89

Zr-anti-

CD105-AuNPs-PPAA was about five times higher than that of 
89

Zr-Df-Bz-NCS-anti-CD105. 

The larger size of conjugated anti-CD105 mAbs (100 nm) compared with that of conjugated 

cetuximab (30 nm) suggests a higher grafting rate of mAbs molecules onto the nanoparticle 

surface (Fig. 1), and might explain the observed decrease in tumour targeting (Fig. 5A). 

Despite the decrease in tumour uptake starting one day after injection, the maintained 

specificity of conjugated anti-CD105 mAbs was confirmed by in vivo saturation experiment, 

suggesting the selective accumulation of 
89

Zr-anti-CD105-AuNPs-PPAA in tumours and the 

preservation of the CD105 recognition property of the antibody after radiolabelling and 

coupling to AuNPs. In fact, the administration of unlabelled mAbs in excess before 
89

Zr-anti-

CD105-AuNPs-PPAA injection induced the saturation of CD105 binding sites, and 

significantly decreased the CD105 binding of 
89

Zr-anti-CD105-AuNPs-PPAA
 
in tumours 

(Fig. 6). These results confirmed the antigen-specific binding and the partial preservation of 

antibody immunoreactivity.  

On the other hand, ICP-MS analysis quantified the tumour uptake of functionalized 

AuNPs, functionalized AuNPs after a saturating dose of unlabelled anti-CD105 mAbs 

(blocking group) and free AuNPs, by determining gold content at 6 h after injection (Fig. 7). 

The significant decrease of gold content in tumours belonging to the blocking group (dashed 

column) compared with mice receiving anti-CD105-AuNPs-PPAA without saturating target 

receptors (white column) also confirmed the preservation of the antibody specificity after 

nanoparticle conjugation, since the saturation of CD105 binding sites led to a significant 

decrease in gold in tumours (Fig. 7A). Moreover, the significant higher amount of Au in 

tumours for mice receiving anti-CD105-AuNPs-PPAA (white column) compared with those 

receiving AuNPs-PPAA (black column) highlighted the improved tumour uptake of 
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functionalized nanoparticles. Indeed, the presence of grafted mAbs on the nanoparticle 

surface might be favourable to directing the nanoimmunoconjugate to the tumour. These 

ligand-receptor interactions result in improved uptake of the nanocomplex into the tumour. 

Further studies are actually needed to assess the interest of active targeting by conjugating 

nanoparticles to nonspecific antibodies. Moreover, figure 7B showed the significant higher 

tumour-to-blood ratio for mice injected with antibody-targeted nanoparticles (white column) 

compared to those receiving free AuNPs (black column). This statement was supported by the 

significantly lower gold concentration in circulation for mice receiving anti-CD105-AuNPs-

PPAA compared to that of mice receiving uncoupled nanoparticles (data not shown). This 

result is probably related to the greater uptake of anti-CD105-AuNPs-PPAA by the RES, as 

seen on PET images (Fig. 3).  

This study highlights the potential of anti-CD105-antibody-labelled gold nanoparticles in 

tumour detection and demonstrates the preservation of the antibody specificity after 

nanoparticle conjugation. Regarding cancer therapy, the anticancer effect of anti-CD105 

mAbs due to their antiangiogenic properties might be boosted thanks to the photophysical 

properties of AuNPs. Indeed, previous studies have shown that AuNPs have interesting 

anticancer properties through photothermolysis of cancer cells and enhancement of the 

efficacy of radiotherapy. It must be mentioned that a sufficient amount of gold delivered to 

tumours is required for these applications. For imaging purpose, as is the case of this study, 

we injected trace amounts of immunonanoconjugates, which are sufficient for diagnostic 

applications with a minimal risk of toxicity. However, we should consider increasing the 

amount of injected conjugates for therapeutic purposes [55, 56, 57, 58], and thus assessing the 

potential toxicity of high amounts of injected AuNPs. Furthermore, the photothermal therapy 

using visible lasers is adequate for superficial tumours, such as melanoma, but not for deeper 

lesions, for which the shortwave radiofrequency field treatment is most suitable [59]. Finally, 

as it is possible to locally and specifically activate AuNPs accumulated in malignant tissues, 

the nonspecific uptake of immunonanoconjugates by the RES may be overcome thanks to the 

local radiation exposure of AuNPs. These encouraging results present new opportunities for 

nanoparticle-based drug delivery systems in future theranostic applications. 
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Conclusion and future prospects 

Antibody-based targeting of angiogenesis represents a new promising diagnostic and 

therapeutic tool. Among these tools, anti-CD105 mAbs have shown anticancer benefit in 

recent clinical studies [60]. Indeed, the proven value of endoglin as the most suitable marker 

for evaluating tumour angiogenesis [61, 62] has led to increasingly focused interest on CD105 

as a target for immunoconjugates. On the other hand, AuNPs are the subject of intensive 

studies in biomedical applications. No studies have investigated the biomedical potential of 

anti-CD105 mAbs conjugated to AuNPs as immunonanocarriers for vascular targeting 

detection and therapy of cancer. Moreover, development of more efficient drug delivery 

systems is important in effectively targeting cancer. For these reasons, we were interested in 

AuNPs as scaffolds to which anti-CD105 mAbs are attached as an attractive diagnostic and/or 

therapeutic tool. These immunonanoconjugates might combine the therapeutic properties of 

anti-CD105 mAbs with those of AuNPs and might improve antitumor efficacy. In this study, 

we have demonstrated that despite decreased tumour uptake after nanoparticle conjugation, 

the in vivo antibody specificity and the tumour contrast in PET imaging are preserved. 

CD105-dependent tumour targeting was also confirmed by the quantification of gold in 

tumours. Thus, our studies validate anti-endoglin antibody-functionalized gold nanoparticles 

as a new tool for diagnostic and imaging of cancer. The nonspecific RES uptake of 

immunonanoconjugates could be a limitation in the use of radioactive nanoparticles for 

systemic metabolic radiotherapy, but not for therapeutic strategies, such as photothermal 

therapy, where nanoparticle activation can be locally controlled. Overall, 
89

Zr immuno-PET 

imaging is a powerful tool for characterizing the in vivo properties of such nanocomplex 

systems and can present new opportunities for drug delivery guided by in vivo imaging. These 

observations lay the groundwork for further theranostic applications and give further credence 

to the probability of future effective nanoparticle-based therapy systems. 
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Executive Summary  

Characterization of radioimmunoconjugates and in vitro assessment of CD105 targeting 

 Anti-CD105 mAbs conjugated to AuNPs were characterized in vitro in terms of size, plasmatic stability 

and binding to the target before in vivo experiments. 

 The nanoparticle diameters observed by TEM imaging ranged from 3 to 10 nm. The mean diameter of 

anti-CD105 mAbs after coupling to AuNPs was estimated at about 102.6 ± 4.0 nm by differential 

centrifugal sedimentation. 

 The in vitro stability in plasma of both radioimmunoconjugates showed that the percentages of 

dissociation were lower by 10% after 24 h. 

 The EC50 value was reduced from 1 µg ml
-1

 (for anti-CD105 mAbs) to 5 µg ml
-1

 (for anti-CD105-

AuNPs-PPAA). The relative binding affinity remains on the same range (less than 1 log) before and 

after antibody conjugation to AuNPs. 

PET evaluation of 
89

Zr-labelled anti-CD105 mAbs biodistribution in mice before and after 

coupling reaction to AuNPs  

 The tumour uptake of 
89

Zr-labelled anti-CD105 mAbs was quantified before and after nanoparticle 

conjugation using noninvasive PET imaging in mice. The decreased tumour uptake after conjugation 

reaction is in accordance with the results obtained with in vitro ELISA study. Blocking experiments 

confirmed the specific tumour targeting of conjugated mAbs.  

 The tumour-to-background ratio remained good after conjugation reaction. The high tumour contrast 

after nanoparticle conjugation supports the good imaging properties of the 

radioimmunonanoconjugates. 

 The tumour uptake of antibody-targeted gold nanoparticles was also quantified using ICP-MS analysis 

by determining gold content in tumours, and was compared with the tumour uptake of free 

nanoparticles. Results highlighted the improved tumour uptake for functionalized nanoparticles. The 

specificity of anti-CD105 mAbs conjugated to AuNPs was confirmed through ICP-MS by repeating 

blocking experiments.  

 No major accumulation of radioactivity was observed in nonspecific organs, aside from liver, spleen, 

lungs, and to a lesser extent bones. 

 These results present new opportunities for nanoparticle-based imaging and therapy systems in future 

theranostic applications. 
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Figures 

 

Fig. 1 Size distributions given by differential centrifugal sedimentation for AuNPs (dashed line) and anti-

CD105-AuNPs-PPAA obtained after conjugation reaction (solid line). 

 

Fig. 2 Surface ELISA for anti-CD105 mAbs and anti-CD105-AuNPs-PPAA on CD105+ (B16F10-luc) and 

CD105- (eEPC) cells. Different concentrations of mAbs and mAbs conjugated to AuNPs were tested. The 

concentration is expressed as µg of mAbs ml
-1

. Results are presented as means ± SEM. (n = 2-4). 
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Fig. 3 B16 melanoma-bearing C57BL/6J mice, injected with 
89

Zr-Df-Bz-NCS-anti-CD105 [A] or 
89

Zr-anti-

CD105-AuNPs-PPAA [B] (one tumour per mouse). PET/CT images were obtained at different times after 

injection (3, 6, 24, 48 and 72 h). Colour scale expressed as a percentage of the injected dose per millilitre (%ID 

ml
-1

), indicated the radioactivity uptake levels in tumours (yellow arrows), in liver (red arrows), in spleen 

(orange arrows) and in lungs (green arrows).  
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Fig. 4 B16 melanoma-bearing C57BL/6J mice, injected with 
89

Zr-Df-Bz-NCS-anti-CD105 (white bars) or 
89

Zr-

anti-CD105-AuNPs-PPAA (black bars). Injected activity ranged from 2.9-4.1 MBq, corresponding to a total of 

350-400 µg mAbs per mouse. Liver [A] and lung [B] uptakes were quantified at 3, 6, 24, 48 and 72 h after 

injection. Results are expressed as means ± SD (n = 4-5 animals). 
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Fig. 5 Tumour uptake [A]  and tumour-to-background ratio [B] of 
89

Zr-Df-Bz-NCS-anti-CD105 (white bars) or 

89
Zr-anti-CD105-AuNPs-PPAA (black bars) in B16 melanoma-bearing C57BL/6J mice at 3, 6, 24, 48 and 72 h 

after injection. Injected activity ranged from 2.9-4.1 MBq, corresponding to a total of 350-400 µg mAbs per 

mouse. Results are expressed as means ± SD (n = 3-5 animals; 4-8 tumours). * p < 0.05; ** p < 0.01. 
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Fig. 6 Tumour uptake of 
89

Zr-anti-CD105-AuNPs-PPAA (2.9-4.1 MBq, a total of 350-400 µg mAbs per mouse) 

or 
89

Zr-anti-CD105-AuNPs-PPAA (3.6-4.1 MBq, a total of 200 µg mAbs per mouse) after a blocking dose of 

unlabelled anti-CD105 mAbs (2000 µg mAbs per mouse) in B16 melanoma-bearing C57BL/6J mice at 3, 6, 24, 

48 and 72 h after injection. Results are expressed as means ± SD (n = 3 animals; 4-6 tumours). ** p < 0.01. 
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Fig. 7 Gold content in tumours [A] and tumour-to-background ratio [B] after intravenous injection of free 

AuNPs (a total of 36 µg Au per mouse) or anti-CD105-AuNPs-PPAA (a total of 18 µg Au per mouse, 

corresponding to 100 µg mAbs per mouse) or anti-CD105-AuNPs-PPAA (a total of 22 µg Au per mouse, 

corresponding to a total of 200 µg mAbs per mouse) after a blocking dose of anti-CD105 mAbs (2 mg mAbs per 

mouse) in B16 melanoma-bearing C57BL/6J mice 6 h after injection. Gold content as measured by ICP-MS is 

expressed as a percentage of the given dose (%ID). Data are expressed as means ± SD (n = 3-4 animals; 3-4 

tumours). * p < 0.05; ** p < 0.01. 
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Supplementary material 

 

Online Resource 1 Blood concentration of 
89

Zr-Df-Bz-NCS-anti-CD105 (white bars) or 
89

Zr-anti-CD105-

AuNPs-PPAA (black bars) in B16 melanoma-bearing C57BL/6J mice at 3, 6, 24, 48 and 72 h after injection. 

Injected activity ranged from 2.9-4.1 MBq, corresponding to a total of 350-400 µg mAbs per mouse. Results are 

expressed as means ± SD (n = 4-5 animals). 
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Online Resource 2 Electrophoretic profiles of 
89

Zr-Df-Bz-NCS-anti-CD105 [A] and 
89

Zr-anti-CD105-AuNPs-

PPAA [B] using SDS-PAGE 10% under nonreducing conditions (i) followed by radio-TLC (ii) and Phosphor 

Imager (iii) analysis.  
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Online Resource 3 3D video of a PET/CT fusion 

MIP of 
89

Zr-Df-Bz-NCS-anti-CD105 24 h after 

injection in B16 melanoma-bearing C57BL/6J 

mice (one tumour per mouse). 

Online Resource 4 3D video of a PET/CT 

fusion MIP of 
89

Zr-anti-CD105-AuNPs-PPAA 

24 h after injection in B16 melanoma-bearing 

C57BL/6J mice (one tumor per mouse).  
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Data not shown: PET/CT fusion MIP of 
89

Zr-anti-CD105-AuNPs-PPAA (2.9-4.1 MBq, corresponding to a total 

of 350-400 µg mAbs) 3 h after injection in B16 melanoma-bearing mice, before [A] and after [B] injection of a 

saturating dose of unlabelled mAbs (2000 µg mAbs). White arrows indicate the decrease of radioactivity signal 

after blocking CD105 receptor [B] in lungs, liver, spleen and tumours. 
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I. Main findings 

The first study characterized the produced gold nanoparticles and cetuximab-conjugated 

gold nanoparticles. Ex-vivo experiments assessed the biodistribution profile of iodinated anti-

EGFR antibody before and after the nanoparticle conjugation. The main results are: 

- Coupling nanoparticles to cetuximab does not affect the pharmacokinetic behaviour of the anti-

EGFR mAbs, and particularly the tumour uptake, except a relative increased RES uptake 

without accumulation. 

- After the nanoparticle conjugation, cetuximab preserves its specific targeting activity towards 

EGFR overexpressed on tumour cells, in accordance with the results of in vitro binding studies. 

- The maximum tumour uptake was observed at a relatively early time after injection (about 2.3 

%ID g
-1

; 24 h after injection) and was not persitent over time, with a low tumour contrast (T/B 

less than 2.4). In vivo deiodination, which is suspected because of the thyroid accumulation, 

might affect the quantification of the tumour uptake (underestimation of tumour uptake values).  

Based on these first results, the second study highlights the limitations of using direct 

labelling of anti-CD105 mAbs with radioiodine on monitoring the pharmacokinetics of 

iodinated antibodies. The effects of in vivo dehalogenation of anti-CD105 mAbs on the 

assessment of tumour targeting were described thanks to ex-vivo studies, and were confirmed 

through SPECT/CT imaging. The tumour uptake of 
125

I-labelled anti-CD105 mAbs was 

compared with that of 
89

Zr-labelled anti-CD105 mAbs. The main results are:  

- The high in vitro stability of 
125

I-anti-CD105 mAbs in plasma suggests that in vivo catabolism 

is probably responsible for the important antibody dehalogenation. 

- The tumour uptake kinetics of 
125

I-anti-CD105 mAbs was rapid with a significant decrease over 

time (%ID g
-1

 less than 1; 24 h after injection). This non persistent tumour uptake was similar 

for two tumour models (hepatocarcinoma and melanoma) and was not in accordance with the 

delayed tumour accumulation, which is expected for most intact mAbs.  

- The most remarkable uptake by nonspecific tissues was observed for lungs, spleen, liver, 

stomach and kidneys without any accumulation. The most significant increase of nonspecific 

accumulation was observed for the thyroid (from 7.5 ± 2.8 %ID g
-1

, 5 min after injection to 

341.1 ± 58.7 %ID g
-1

, 72 h after injection), suggesting in vivo deiodination. 

- In vivo chemical instability of iodinated mAbs leads to a rapid clearance of the radiolabel 

probes, and an unsuitable weak tumour contrast for SPECT imaging (T/Bg close to 1). 
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- The tumour targeting profile over time was different for 
89

Zr-labelled anti-CD105 mAbs and 

125
I-labelled anti-CD105 mAbs. The maximum tumour uptake was higher for 

89
Zr-anti-CD105 

mAbs (6.5 %ID ml
-1

; 24 h after injection), and remained high at late times after injection (5.8 

%ID ml
-1

; 72 h after injection) with a high tumour contrast (T/Bg about 5.6-fold higher). 
89

Zr 

seems to be a more suitable alternative for the anti-CD105 antibody radiolabelling than the 

direct labelling with 
125

I.  

- In summary, in vivo deiodination has a negative impact on the monitoring of the anti-CD105 

antibody pharmacokinetic profile, and compromises the stable tracking of the tracer in tissues, 

and thus the accurate characterization of tumour targeting. Therefore, we chose 
89

Zr, as a 

known validated radiolabel for the anti-CD105 mAbs labelling in order to study the 

biodistribution of our immunonanoconjugates. 

The third study characterized in vivo distribution of 
89

Zr-labelled cetuximab before and 

after the nanoparticle conjugation by using the quantitative PET imaging: 

- There was no significant difference in tumour uptake of cetuximab before and after the 

nanoparticle conjugation. The same kinetic profile was observed with a slow tumour uptake 

(maximum %ID ml
-1

 of 3.3; 48 h after injection), and with a continuous high tumour contrast 

(T/Bg more than 10 starting from 24 h). 

- The liver and spleen uptake were enhanced after the nanoparticle conjugation, with a 

significant increase in liver uptake (more than twice high).  

- The bone accumulation was due to the detachment of 
89

Zr from the antibody, and started from 

24 h after injection, in accordance with the results of the tracer stability in plasma. 

- In vivo specificity of cetuximab after the coupling reaction was preserved, with a selective 

tumour targeting (a significant decrease in tumour uptake after the saturation of EGFR binding 

sites). 

- In summary, conjugation cetuximab to AuNPs does not significantly affect the tumour uptake 

in mice. 
89

Zr-labelled cetuximab-targeted gold nanoparticles enable to effectively target cancer 

cells, with preserving favourable imaging properties.   

The last study characterized in vivo distribution of 
89

Zr-labelled anti-CD105 mAbs before 

and after the nanoparticle conjugation by using the quantitative PET imaging and ICP-MS 

analysis. The anti-CD105 mAbs were conjugated to AuNPs for the first time: 

- After the nanoparticle conjugation, the anti-CD105 antibody preserves its selective targeting 

activity towards CD105 overexpressed on tumour cells, in accordance with the results of in 

vitro binding studies.  
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- The tumour uptake of these immunonanoconjugates was preserved up to 24 h after injection, 

suggesting a partial retention of the target recognition properties of conjugated antibodies. The 

maximum tumour uptake was about 4.6 %ID ml
-1

 at 24 h after injection, with a high tumour 

contrast (T/Bg more than 4.5 starting from 24 h).  

- No major tracer accumulation of these conjugates was observed over time in nonspecific 

tissues, aside from liver, spleen, lungs and bones. 

- In vivo specificity of anti-CD105 mAbs after the nanoparticle conjugation was preserved, with 

a selective tumour targeting (a significant decrease in tumour uptake after the saturation of 

CD105 binding sites). 

- In summary, conjugation the anti-CD105 antibody to AuNPs does not greatly affect the 

CD105-dependent tumour uptake and the efficacy of tumour targeting for cancer detection. 

Overall, the two latest studies have characterized in vivo properties of antibody-

functionalized gold nanoparticles, and have qualified these immunonanoconjugate systems, as 

potential new tools for imaging of cancer. These radiolabelled conjugates might represent new 

opportunities for effective nanoparticle-based therapy guided by in vivo imaging. 
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II. Methodological considerations 

1. Relevance of selected tumour model for targeting endoglin (CD105) 

Although anti-CD105 mAbs are used successfully as intrinsic antiangiogenic agents, they 

can also be exploited as targeting agents. Within this context, the anti-CD105 antibody-

targeted gold nanoparticles might represent an interesting combined approach for improving 

the efficacy of the standard inhibitors of angiogenesis thanks to the targeting properties of 

mAbs and the photophysical properties of AuNPs. While CD105 is a marker of neovessels 

originating from the angiogenic process, it should be noted that CD105 is also overexpressed 

by some tumour cells. Indeed, we used in our study the melanoma tumour model (B16F10-

luc), which is expressing CD105 in tumour cells. This feature has two important 

consequences. First, that means that the used antibodies directed against CD105 are not 

“stricto sensu” markers of the angiogenic process. Second, that means also that the use of 

anti-CD105 mAbs may reach two targets in tumours, namely tumour cells and vessels. This 

particular feature could represent an advantage when considering the use of anti-CD105 

mAbs as a targeting moeity for delivering associated anti-cancer treatment.  

On the other hand, negative controls are required for full characterization of CD105 

targeting in vivo. Two approaches are possible. Choosing tumour models, which don’t express 

the target (CD105). In this case, we should consider the heterogeneity between the tumour 

models, such as the variability in perfusion and in the vascular structure. The most suitable 

approach involves using a non-specific antibody, which doesn’t recognize the tumour target. 

2. Limitations of techniques for determining nanoparticle size 

The mean diameter of synthesized gold nanoparticles is about 5 nm, and the size of 

antibodies is about 15 nm (Bouchat 2007) (Figure 23). The “apparent mean diameters” of 

cetuximab- and anti-CD105 antibody-conjugated gold nanoparticles are stated to be about 30 

nm and 100 nm respectively. The size characterization of the antibody-conjugated gold 

nanoparticles was assessed through two techniques:  

- The differential centrifugal sedimentation (CPS disc centrifuge), which is based on 

measuring the time required for these immunonanoconjugates to cross over a sucrose 

density gradient created in a disc centrifuge 
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- The laser light scattering (Zetasizer Nano instrument), which is based on the principle 

of dynamic light scattering. 

 

Fig. 23: Representation of a nanoparticle of 5 nm diameter conjugated with an antibody of 15 nm height  

(Bouchat 2007). 

The mean diameter of anti-CD105 antibody-conjugated gold nanoparticles (100 nm) might 

suggest an aggregation. However, the measurement through dynamic light scattering is 

consistent with the result obtained with differential centrifugal sedimentation (Figures 24 and 

25). It must be mentioned that these techniques have limitations regarding the accurate 

determination of particle size and give a result, which is an “apparent equivalent diameter” of 

a perfect sphere that would have the same behaviour as the analyzed particle under the same 

conditions. AuNPs are perfect spheres. However, the gold nanoparticles conjugated to a 

biomaterial, such as antibodies, are not. The transmission electron microscopy (TEM) is an 

absolute technique to characterize the particle size, and was used to measure the size of 

AuNPs. However, in the case of the immunonanoconjugates, the contrast was dominated by 

AuNPs, so that the nanoparticle coating was not visible, hence the size of conjugated gold 

nanoparticles was not available through this technique. 
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Fig. 24: Size distribution report of anti-CD105-AuNPs-PPAA using differential centrifugal sedimentation  

(CPS Instruments, Inc.). 

 

Fig. 25: Size distribution report of anti-CD105-AuNPs-PPAA using Zetasizer (Malvern Instruments Ltd.). 

On the other hand, the produced nanoparticles were also coated with a PPAA stabilizer 

layer. The PPAA molecules, such as PEG molecules, are inert and large polymers. The 

nanoparticle coating may affect the sedimentation properties of the immunonanoconjugates, 

Peak : 102 nm 
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so that the “apparent diameter” may probably increase. Finally, it is possible that the 

carbodiimide reaction produces to some extent polymerized antibodies, which would increase 

the apparent diameter of the conjugates (Figures 26). Therefore, we can hypothesize that the 

larger size of anti-CD105 antibody-conjugated gold nanoparticles (100 nm) compared with 

that of conjugated cetuximab (30 nm) might suggest a higher grafting rate of antibody 

molecules onto the nanoparticle surface. The grafting rate might impact the antibody 

recognition properties. Further accurate characterizations of these immunonanoconjugates are 

required, such as the thermogravimetric analysis, which may be suggested to estimate the 

number of anti-CD105 antibody molecules grafted per nanoparticle. The grafting rate may be 

controlled by optimizing the reagent ratios employed for the conjugation reaction or by 

controlling the number of amino groups onto the nanoparticle surface.  On the other hand, 

later studies are required in order to optimize the conjugation reaction. The total time for 

conjugation of the radiolabeled antibodies onto the gold nanoparticles, and consequent 

purification is quite long (16 h). In order to enhance the coupling yield, the coupling reaction 

was achieved overnight. This conjugation step is quite long and inconvenient for a possible 

future theranostic use of these nanoconjugates. The coupling reaction of antibodies to gold 

nanoparticles could be optimized by using another cross-linking method like click chemistry. 

The modern click chemistry method is known for its high coupling efficiency and a less time 

of reaction compared to conventional carbodiimide chemistry (Thorek 2009). 

 

Fig. 26: The hypothetic model of anti-CD105 antibodies conjugated to gold nanoparticles. 
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3. Aggregation risk 

Metallic nanoparticles, such as AuNPs, tend to agglomerate when exposed to physiological 

environment (Julien 2011). Moreover, the conjugation of mAbs to AuNPs involves most often 

the antibody coupling through carboxylic or amino groups. This often gives rise to a neutral 

linkage and to a decrease in antibody solubility, resulting in aggregation and precipitation 

(Julien 2011, Pietersz 1987). For these reasons, the risk of aggregation is a recurrent question 

in size analysis of such nonmaterials, and may impact their biodistribution profile. An internal 

quality control of the size distribution through differential centrifugal sedimentation showed a 

large distribution of the particle sizes around the mean size of 108 nm (Figure 24), which may 

suggest some aggregation. The shape of the distribution is normal (Gauss-like curve), but 

wide. This may reflect a random degree of antibody conjugation to AuNPs, with nanoparticles 

highly substituted and others with a lower degree of substitution, and consequently conjugates 

of various sizes. Further, the presence of a quite different population, such as aggregates, 

would have strongly modified the shape of the distribution of the raw data, and a Gauss-like 

curve would not have been observed. On the other hand, the uncoated AuNPs are known to 

strongly aggregate, whereas the coated AuNPs show a decreased risk of aggregation. The 

improved stability of the PPAA-coated gold nanoparticles suspension can be explained by the 

strong hydrophilic character of the coating layer. Nevertheless, to some extent, in vivo 

aggregation can not be ruled out. In summary, a careful attention should be paid to the 

nanoparticle conjugation process for producing constructs suitable for in vivo studies, because 

the size of these nanoconstructs is likely a strong contributing factor to the tissue distribution, 

with a risk of off-target effects.  

4. The selected radiotracer for radiolabelling of conjugates 

The radioiodinated tracers were largely used to study tumour targeting for cancer imaging 

(Verel 2004). Our preliminary experiments studied the biodistribution of immunoconjugates, 

which are directly radiolabelled with 
125

I. 
125

I is a common radiohalogen widely used in 

laboratory thanks to its availability, reasonable cost, and easy radiolabelling procedures. 

These first studies have underscored the negative impact of in vivo deiodination on the 

reliability of using radiodinated antibodies, and especially 
125

I-labelled anti-CD105 mAbs, for 

the characterization of tumour targeting. Indeed, the comparison of the tumour uptake profile 

of 
125

I-labelled anti-CD105 mAbs and that of 
89

Zr-labelled anti-CD105 mAbs highlights that 

the dehalogenation prevents the stable tracking of the tracer. Finally, the radiolabelling of 
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anti-CD105 mAbs with 
89

Zr overcomes these limitations and represents a suitable tracer for 

imaging of the CD105 receptor in tumours. 

Therefore, for subsequent studies, we used 
89

Zr, a metallic positron emitter, to trace our 

immunoconjugates through PET imaging.
 89

Zr is an ideal isotope for labelling intact mAbs, 

because its physical half-life matches with the biological half-life of mAbs and the time 

needed to reach optimal target-to-non target ratios. Moreover, the internalizing properties of 

antibodies and the residualizing properties of 
89

Zr support the optimal biodistribution profile 

of the conjugates. Indeed, 
89

Zr is trapped inside the cell after antibody internalization, while 

iodotyrosine is released from the tumour after internalization (Vugts 2011, Sharkey 1997). 

However, 
89

Zr has a short half-life compared with 
125

I and requires an animal-PET scanner 

and special precautions in terms of radiations. Moreover, the radiolabelling process using 
89

Zr 

is a multi-step and a time consuming method, since the antibody is previously functionalized 

with a chelate before radiolabelling. Therefore, future studies are required to investigate other 

techniques for anti-CD105 antibody radioiodination, notably the indirect radiolabelling 

methods, which were developed for decreasing the loss of the nuclide from the antibody in 

vivo, decreasing the thyroid uptake of radioiodine, while retaining the tumour uptake with a 

suitable tumour contrast (Ram 1994, Wilbur 1988, Zalutsky 1987). Indeed, previous studies 

described the development of a metabolically stable radioiodination reagent for coupling to 

mAbs. For instance, the radioiodination of mAbs with 3-iodophenylisothiocyanate has been 

investigated. This new ligand forms a stable thiourea linkage via a reaction of the 

isothiocyanate moiety with the amino group of lysine (Ram 1994). 

Finally, our experiments showed that 
89

Zr may constitute a suitable alternative for the 

immunonanoconjugate radiolabelling for imaging purposes. Therefore, 
89

Zr-labelled 

immunonanoconjugates may be used as a scouting procedure before radioimmunotherapy to 

confirm the tumour targeting by the immunonanoconjugates and to allow the estimation of 

radiation dose delivery to tumours and normal tissues (Zhang 2011, Perk 2005). Hence, 
89

Zr-

labelled immunonanoconjugates could serve as a surrogate for scouting the biodistribution of 

90
Y-labelled immunoconjugates (Zhang 2011).  



Discussion and prospects 

-147- 

III.  Challenges of conjugating monoclonal antibodies to gold nanoparticles 

The design and the development of carefully validated nanoparticle-based systems for 

biomedical imaging requires a wide range of expertise ranging from chemistry to cell biology, 

as well as imaging techniques (Nune 2009). The two major goals in the development of 

improved anticancer immunonanoconjugates are to ensure greater selective targeting and 

better delivery efficiency (Julien 2011). Thereby, these immunonanoconjugates addressed 

many challenges, and the development of such immunonanoconjugates is complex and 

involves rigorous characterizations. A number of factors must be considered when designing 

antibody-targeted gold nanoparticles, including the conjugate stability in vitro and in vivo, 

notably the colloidal system stability and the bound ligand stability, which need to be 

investigated. Moreover, the retention of the antibody specificity after the nanoparticle 

conjugation in order to preserve the antibody recognition for a specific target, while 

minimizing the potential toxicity to non-target cells, need also to be determined.  

Further, to design effective immunonanoconjugates, their escape from vasculature and 

their accumulation into target tissue is an important consideration. The size of the conjugates 

may affect the efficacy of tumour uptake and the significance of nonspecific uptake. Indeed, 

the increased size of conjugates makes them more likely to be cleared by the RES, or inhibits 

their extravasation and their access to target tissues (Julien 2011, Sarin 2010). A careful 

attention should thus be paid about the number of antibody molecules grafted to each 

nanoparticle. Indeed, our studies showed that the higher size of anti-CD105 antibody-

conjugated gold nanoparticles (100 nm), by comparison with cetuximab-conjugated gold 

nanoparticles (30 nm), may suggest a higher grafting rate of anti-CD105 mAbs molecules 

onto the nanoparticle surface with the risk to affect the antibody immunoreactivity. This may 

explain the significant decrease in tumour uptake of anti-CD105 antibody-conjugated gold 

nanoparticles, starting from 24 h after injection. In contrast, the tumour uptake of conjugated 

cetuximab does not significantly decrease up to 72 h after injection. Moreover, the tumour 

uptake profile of conjugated cetuximab was similar to that of unconjugated cetuximab over 

time by comparison with the significant decrease over time of the tumour uptake of 

conjugated anti-CD105 mAbs. These findings suggested a partial loss of anti-CD105 antibody 

immunoreactivity after the nanoparticle conjugation (Figure 27).  
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Fig. 27: The tumour uptake pofile of cetuximab [left] and anti-CD105 antibodies [right], before [■] and after [●] 

the nanoparticle conjugation in tumour-bearing mice at different times after trace injection (6, 24, 48 and 72 h). 

Injected activity ranged from 2.9-4.6 MBq, corresponding to a total of 200-400 µg mAbs per mouse. Results are 

expressed as means of %ID ml
-1

 ± SEM (n = 3-5 animals; 4-10 tumours). * p < 0.05; ** p < 0.01. 

About the affinity of the immunonanoconjugates to the targeted receptors 

The antibody should retain an acceptable level of specificity after the nanoparticle 

conjugation. In our studies, the receptor-ligand interactions of these immunonanoconjugates 

were characterized through binding experiments. For the two antibodies (cetuximab and anti-

CD105 mAbs) and in comparison with the native antibody, the affinity was apparently 

slightly decreased after the nanoparticle conjugation (EC50 decreased less than 1 log). 

Moreover, in vivo blocking experiments confirmed the preservation of the antigen-specific 

binding after the antibody conjugation. In vitro binding activity of cetuximab-conjugated gold 

nanoparticles (EC50 value of 0.19 µg ml
-1

) was reduced by a factor of two compared with 

unconjugated cetuximab (EC50 value of 0.08 µg ml
-1

), while the relative binding affinity of 

anti-CD105-antibody conjugated gold nanoparticles (EC50 value of 5 µg ml
-1

) was about five 

times lower than that of unconjugated anti-CD105 mAbs (EC50 value of 1 µg ml
-1

). It should 

be noticed that these binding curves express the results in terms of antibody concentration 

(Figure 28).  
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Fig. 28: Surface ELISA for cetuximab and cetuximab-AuNPs on EGFR+ (A431) and EGFR- (CHO) cells [left], 

and anti-CD105 mAbs and anti-CD105-AuNPs on CD105+ (B16F10-luc) and CD105- (eEPC) cells [right]. 

Different concentrations of mAbs and mAbs conjugated to AuNPs were tested in quadriplicate. The 

concentration is expressed as the amount of antibody (ng ml
-1

 or µg ml
-1

). 

However, these in vitro binding curves (Figure 28) do not consider the multivalency 

structure of the immunonanoconjugates. In our studies, the AuNPs were indeed bearing 

several antibodies. Due to steric constraints and stiffness of the immunonoanoconjugates, all 

antibodies linked to the nanoparticle have not the capability to bind receptors present on the 

cell surface layer (Figure 29).  

 

Fig. 29: Recognition of the cell target by free antibodies [left] and by antibodies conjugated to a gold 

nanoparticle [right]. 
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In order to consider the effect of the multivalency on the binding properties, the conjugate 

concentration may also be expressed in terms of nanoparticle concentration instead of 

antibody concentration (Figure 30). According to thermogravimetric analysis, we considered 

roughly five antibody molecules conjugated per nanoparticle for cetuximab-conjugated gold 

nanoparticles (5 mAbs = 1 NP), and 10 antibody molecules conjugated per nanoparticle for 

anti-CD105-conjugated gold nanoparticles (10 mAbs = 1 NP).  In this case, in vitro binding 

activity of antibody-conjugated gold nanoparticles was higher than that of unconjugated 

antibody. The relative binding affinity cetuximab-conjugated gold nanoparticles (EC50 value 

of 0.04 µg ml
-1

) was slightly higher compared with unconjugated cetuximab (EC50 value of 

0.07 µg ml
-1

), while that of anti-CD105-antibody conjugated gold nanoparticles (EC50 value 

of 0.5 µg ml
-1

) was about two times higher than that of unconjugated anti-CD105 mAbs (EC50 

value of 1.3 µg ml
-1

). 

 

Fig. 30: Surface ELISA for cetuximab and cetuximab-AuNPs on EGFR+ (A431) and EGFR- (CHO) cells [left], 

and anti-CD105 mAbs and anti-CD105-AuNPs on CD105+ (B16F10-luc) and CD105- (eEPC) cells [right]. 

Different concentrations of mAbs and mAbs conjugated to AuNPs were tested in quadriplicate. The 

concentration expresses the gold nanoparticle concentration (µg ml
-1

). 

As shown above, the differences in expression of concentration (antibody versus 

nanoparticle) may lead to differences in interpretation. Both interpretations shade some light 

on the consequence of the grafting of antibodies on nanoparticles. On the one hand, when 

using the antibody concentration as a variable, we may consider that there is an apparent loss 

of affinity of the nanoimunoconjugate, a feature that is explained by the steric hindrance and 

the incapacity for some immobilized antibodies to bind the receptor at the surface of the cell. 
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This rigid structure maximizes the risk of unfavorable interactions between some ligands and 

receptors. On the other hand, when using the nanoparticle concentration as a variable, we may 

consider that there is an apparent increase in affinity when using a nanoimmunoconjugate. 

This feature is consistent with the multivalent theory. A multivalent ligand includes several 

copies of ligands conjugated to scaffolds, allowing the simultaneous binding of multivalent 

ligands to multiple binding sites or receptors (Chittasupho 2012, Krishnamurthy 2006). 

Actually, the multivalent ligands involve multiple interactions, which could result in the 

amplification of the avidity and the apparent affinity of the nanocomplex. Moreover, the 

multiple ligand site of recognition is supported by entropic effects, which may affect the 

affinity. Indeed, the loss of degrees of freedom is greater for the monovalent ligands than for 

the multivalent ligands. Another way to explain this phenomenon is to consider that the 

probability of dissociation of a ligand with multiple binding sites is lower compared to a 

ligand with a single binding site. Many multivalent ligands have been designed and 

synthesized to increase the binding affinity, avidity and specificity of the ligand to the 

receptor. Many factors affect the multivalent interactions, including the size and shape of the 

ligand, geometry and the arrangement of ligands on the scaffold, linker length, 

thermodynamic, and kinetics of the interactions (Chittasupho 2012). For example, a bivalent 

ligand directed against opioid receptors, with a spacer of optimal length exhibit greater 

potency than that derived from the sum of its two monovalent pharmacophores (Wei-Sheng 

Lee 2013, Portoghese 1985). This multivalent theory, initially described for small molecules, 

is also likely true for immunonanoconjugates. We can conclude that the antibody grafting on 

the nanoparticle surface does not greatly affect the antibody recognition properties.  

Finally, the formulation approach to develop new therapeutic drugs is often parallel to the 

prior exploration of their value as biomedical imaging agents. Indeed, we reported the 

preservation of the targeting properties of the antibodies after their conjugation to AuNPs. We 

hope that these immunonanoconjugates might be exploited for therapy thanks to the 

antitumour properties of targeting antibodies, which might be boosted by the photophysical 

properties of AuNPs. For this purpose, future studies are required to assess if conjugated 

antibodies preserves their anticancer activity after their conjugation to AuNPs. 
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IV.  Antibody-targeted gold nanoparticles: molecular aspects 

Due to their ability to specifically bind to a particular biological target, mAbs are able to 

influence the cellular function at a molecular level (Julien 2011). On the other hand, previous 

studies have investigated the mechanisms by which AuNPs enter into cells and showed that 

endocytosis of AuNPs is dependent on the nanoparticle surface coating and the particle size 

(Nativo 2008, Jiang 2008, Giljohann 2007, Chithrani 2007, Chithrani 2006, Shenoy 2006). 

The active targeting involving the introduction of targeting ligands on the nanoparticle surface 

facilitates the homing, the binding to the target, and the internalization of the nanoconjugates 

in targeted cells (Fay 2011). For example, AuNPs coated with specific antibodies can regulate 

the process of membrane receptor internalization. The binding and activation of membrane 

receptors and subsequent protein expression strongly depend on nanoparticle size. Further, the 

nanoparticles within the 2-100 nm size range were found to alter signalling processes essential 

for cell functions, including cell death (Jiang 2008). Moreover, some mAbs have been shown 

to be effective in allowing cell-specific uptake of targeted nanoparticles, such as cetuximab-

conjugated gold nanoparticles (Julien 2011). The cell-specific-receptor mediated endocytosis 

of these immunonanoconjugates and the receptor activation make possible to trigger the 

receptor-activated signalling (Wang 2010 [b], Huang 2009). Finally, the multivalent 

presentation of antibodies results in a relatively strong interaction between functionalized 

nanoparticles and the intended cells. However, the ligand density on the nanoparticle surface 

is a critical factor, which should be optimized in order to preserve the ligand functionalities 

(Nune 2009). It must be mentioned that the use of small molecules, such as multivalent small 

organic molecules, as an alternative to antibodies, allows further optimisation of the binding 

affinity and specificity by adjusting the density of targeting molecules, which may impart a 

precise biological targeting (Nune 2009, Weissleder 2005). 

Previous studies showed that the anti-EGFR mAbs were involved in the EGFR 

internalization into cancer cells, and the subsequent degradation of active EGFR (Prewett 

1996). Moreover, cetuximab is known for its high rate of internalization (Perk 2010). Recent 

studies described how the nanoconjugation modulates the mechanism of antibody-induced 

receptor endocytosis.  The nanoconjugation induces faster endocytosis of EGFR and may alter 

the cellular processes. Thus, nanoconjugation cannot be considered as an innocuous reaction 

(Bhattacharyya 2010). Further studies are required to investigate these issues with our 

immunonanoconjugates. On the other hand, the internalization of the antibody-receptor 
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complex is followed by the sequestration of metallic radiolabels, such as 
89

Zr, inside tumour 

cells (Holland 2010). This residualizing phenomenon may also probably explain the better 

tumor contrast, which was observed with our conjugates, and supports the interesting imaging 

properties of cetuximab-conjugated gold nanoparticles. These aspects should also be 

investigated for anti-CD105 antibodies. 

Finally, the internalization of these immunonanoconjugates is important for improvement 

cancer response, notably for hyperthermia therapy. Further, it is also important that AuNPs 

and mAbs remain conjugated until intracellular delivery (Glazer 2010 [a]). Therefore, future 

investigations are required for the characterization of in vivo stability of the amide link 

between the antibody and the nanoparticle. This may validate the results of the biodistribution 

profile obtained with our immunoconjugates, but also may predict the efficacy of future 

therapeutic applications. In our case, there is some evidence about the stability of our 

immunonanoconjugates until injection, because of the favourable results regarding in vitro 

stability of the conjugates in plasma and those of ICP-MS analyses. However, further studies 

remain necessary for accurately exploring these aspects.  
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V. Antibody-targeted gold nanoparticles: towards future theranostic 

applications 

We demonstrated that radiolabelled cetuximab- and radiolabelled anti-CD105 antibody- 

functionalized gold nanoparticles are able to detect cancer cells and have suitable imaging 

properties. In addition to cancer imaging, these immunonanoconjugates might be exploited for 

therapy, particularly thanks to the anticancer properties of AuNPs. Previous reports showed a 

potential for novel cancer therapies associating gold nanoparticles, based on noninvasively 

hyperthermia therapy or radiotherapy enhancement. A selective damage of cancer cells is the 

result of high gold nanoparticle loading in target cells owing to the tumour target 

overexpression on cell surface (Huang 2007). Therefore, the major challenge for gold 

nanoparticle-based therapy is to deliver a sufficient amount of gold to tumours. Hence, two 

questions are raised: 

1. Does the amount of antibody-targeted gold nanoparticles in the tumour achieve an 

appropriate gold concentration for therapy? 

Previous studies showed that targeting of AuNPs has the potential to further improve both 

the therapy efficacy at the the tumour site, whilst reducing off-target effects (Fay 2011). 

Indeed, in order to deliver a targeted therapy to tumour cells and to enhance the specific 

tumour uptake, the nanoparticles may be conjugated to mAbs (Huang 2006 [b], El-Sayed 

2006). Our studies didn’t investigate if active targeting maximizes the concentration of these 

immunonanoconjugates at the tumour site. Previous studies investigated the interest of gold 

nanoparticles functionalization with anti-EGFR mAbs (Raoof 2011). Nevertheless, the anti-

CD105 mAbs were conjugated to AuNPs for the first time. Thus, it is interesting to 

investigate the potential of conjugating the anti-CD105 mAbs to AuNPs by comparison with 

the unconjugated AuNPs, in terms of improving tumour targeting, and thus the increase of 

gold content in tumours. It must be mentioned that previous reports indicated that the 

targeting ligands play a role in the selective tumour accumulation of these nanocomplexes 

through the specific recognition of the tumour target (Pirollo 2008). In this case, the tumour 

localization of these nanocomplexes still depends to the contribution of the EPR effect. 

However, recent papers have suggested that the primary function of targeting ligands was not 

only in targeting the complexes to the tumour, but to increase the intracellular nanocomplexes 

uptake (Kirpotin 2006). This hypothesis supports that the inclusion of ligands on nanoparticle 
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surface in order to direct nanoparticles to target tissues is not the main mechanism of tumour 

uptake. 

For future studies, there is a need to investigate the therapeutic potential of our 

immunonanoconjugates by exposing tumours to a noninvasive electromagnetic energy in 

order to produce cytotoxicity. Our studies have assessed the amount of gold found in tumours 

for anti-CD105 antibody-conjugated gold nanoparticles through ICP-MS analysis. However, 

other experiments are required to determine the dose-effect relationship. Regarding the 

amount of AuNPs that has to be delivered to the tumour, previous studies showed that 

different concentrations of spherical AuNPs induce hyperthermic cytotoxicity when exposed 

to visible laser radiation or to radiofrequency energy. For photothermal therapy, a relatively 

low concentration of AuNPs [µg range] is reported to be sufficient to induce cytotoxicity and 

cell death (Glazer 2010 [b], Moran 2009, von Maltzahn 2009). These gold concentrations are 

in the same range of those we quantified in tumours after injection of anti-CD105 antibody-

conjugated gold nanoparticles to mice. However, we have not quantified the amount of gold 

in tumours after injection of cetuximab-conjugated gold nanoparticles. Future ICP-MS 

analyses are required to this end, although previous studies provided favourable results with 

cetuximab-conjugated gold nanoparticles, but with immunonanoconjugates synthesized 

differently and in other tumour models (Glazer 2010 [a]).  

On the other hand, other studies showed that AuNPs may improve the therapeutic efficacy 

of external beam ionizing radiation in preclinical models (Chang 2008). However, the 

radioenhancement requires here a significant amount of gold in the tumour site [mg range] 

(Hainfeld 2004). For imaging purposes, as is the case of our studies, we injected trace 

amounts of immunonanoconjugates, which are sufficient for diagnostic purposes, with 

probably a low risk of toxicity. For radioenhancement purposes, we should consider 

increasing significantly the amount of injected immunonanoconjugates, which could be 

limited by systemic toxicity.  

The PTT using spherical AuNPs can be achieved with visible laser, which has a shallow 

penetration depth in tissue. Such treatment is only suitable for superficial cancers, such as 

skin tumours. Indeed, the thermoablation using visible laser is not suitable for deeper lesions 

given the limited penetration of optical photons into tissues. On the other side, the use of 

radiofrequency energy for heating of AuNPs is not limited by tissue penetration, and hence 

makes it possible to treat deeper lesions, such as hepatocellular cancer (Raoof 2011). Finally, 
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it must be mentioned that by using heat to treat targeted tumour cells, the drug resistance is no 

longer a constraint (Julien 2011, Carpin 2011). 

2. What about the toxicity associated to gold nanoparticle uptake by nonspecific 

tissues? 

Although the systemic toxicity of AuNPs is beyond the scope of this thesis, this question is 

quite important, especially if injected doses have to be increased for therapy. For this purpose, 

it is important to accurately assess the biodistribution of AuNPs and to quantify it in various 

tissues. The immunonanoconjugates are new entities different from unconjugated AuNPs, 

which are already well characterized in terms of in vivo distribution in several studies (De 

Jong 2008, Sonavane 2008, Hillyer 2001). Therefore, ICP-MS analyses are required in order 

to fully characterize the gold content in nonspecific tissues, in which these 

immunonanoconjugates may be accumulated, and which may be analyzed by histopathologic 

evaluation. 

An obvious challenge in utilizing antibody-conjugated gold nanoparticles for therapeutic 

purposes is to decrease the nonspecific tissue uptake. Our studies showed that these 

conjugates were particularly trapped by the RES. As it is possible to locally and specifically 

activate gold nanoparticles accumulated in malignant tissues, the nonspecific uptake of these 

immunonanoconjugates may be overcome thanks to the local radiation exposure of AuNPs 

accumulated in the target tissue. Nevertheless, the development of nonspecific tissue toxicity, 

and particularly liver toxicity, will need to be closely monitored in the future. In this regard, 

previous studies demonstrated that there was no evidence of liver injury despite clear presence 

of AuNPs and under RF field exposure, and suggested that the regenerative characteristics of 

the normal hepatocytes tolerate hyperthermia more than tumour tissues (Glazer 2010 [a], Du 

2009, Fausto 2006). Furthermore, there is evidence that the majority of splenic and hepatic 

uptake of AuNPs is by macrophages cells, without major induction of proinflammatory 

cytokines (Glazer 2010 [a], Cho 2010, Shukla 2005). Moreover, the macrophages cells in 

these organs might be affected by photothermic treatment, but these cells are rapidly 

repopulated from circulating macrophage population (Glazer 2010 [a], Yamamoto 1996). 

Finally, it must be mentioned that while photothermal therapy efficiency is dependent on the 

specificity of the targeting antibody and despite the potential side systemic effects, normal 

tissues tolerate hyperthermia at higher temperatures and for longer periods of time than 

malignant tissues (Storm 1979). Indeed, previous studies showed that antibody-targeted gold 
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nanoparticles used for hyperthermic therapy leads to effective destruction of tumour cells with 

a minimal toxicity for normal cells (Glazer 2010 [a]). 

Overall, the potential toxicity of these immunonanoconjugates to non-target cells in both in 

vitro and in vivo systems need to be carefully studied in order to assess how these conjugates 

will interact with cells and tissues. The concern regarding the use of noble-metal 

nanomaterials in vivo, such as AuNPs, remains their elimination from the body, because they 

are not biodegradable and thus may have a long-term effect on cellular functions (Bawarski 

2008). 
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VI.  Challenges towards clinical use (Danhier 2010, Nune 2009) 

Recent research on the encouraging use of antibody-targeted gold nanoparticles in cancer 

diagnostic and therapy has already set the stage for the development of future clinical 

applications (Huang 2007). The highlighted preclinical efficacies with these nanosystems 

might provide interesting opportunities for future commercialization. Although antibody-

modified gold nanoparticles have found success in targeting cancer cells in vitro and in vivo in 

mice, some key questions remain before considering the translation of antibody-targeted gold 

nanoparticles to an effective clinical use. Therefore, many challenges in bringing the use of 

these immunonanoconjugates from bench to clinic may be discussed. 

This thesis enabled to explore the biodistribution of immunonanoconjugates, as imaging 

probes, and before considering therapeutic applications. As with any product for use in 

humans, extensive safety and toxicology studies will be needed in parallel to pharmacokinetic 

and biodistribution studies in early stage clinical trials. The metabolism is another aspect, 

which should be explored. Moreover, translating this technology to clinical application may 

be very challenging because of the limited stability and the high costs associated with 

synthetic nanoparticle functionalization with targeting antibodies (Nune 2009). Further, the 

formulation aspects, such as aggregation and storage in clinical setting, remain a challenge 

(Nune 2009). Finally, the reproducible large-scale production of these nanoconjugates 

according a good manufacturing practice and in a cost effective way needs to be addressed.  

Some practical limitations exist to expand the use of these nanomedecines in clinic 

(Danhier 2010): 

- The major limitation impeding the entry of targeted nanomaterials onto the market is 

that innovative ideas within academia are not usually exploited in collaboration with 

the pharmaceutical industry.  

- A new subdiscipline of nanotechnology, called nanotoxicology, has emerged. Indeed, 

in vivo nanosystems are extremely complex and the interactions of nanocarriers with 

biological components are vast. More data are needed to understand their structure-

property relationships. Further, standardized methods are required for investigating 

their toxicity. Moreover, more studies and clearer regulations are necessary in order to 

fully define the biocompatibility of nanocarriers in humans. 
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- Finally, clinical trials of combined treatments are difficult to conduct, particularly 

because the proof of principle and the complete toxicology data of these complex 

nanosystems are difficult to establish. 

Regarding the growing number of clinical trials of nanomedecines combined with 

radiotherapy or chemotherapy, there is an evidence of the possible success of these therapies 

(Danhier 2010, Ruenraroengsak 2010). Indeed, the combination of treatments seems to be the 

future of the management of cancer. Before a new drug delivery system is approved, it is 

already being tested in combination with other treatments, such as radiotherapy or 

conventional chemotherapy. Furthermore, nanomedecines can associate drug delivery with 

different targeting strategies, and thus may be multifunctional nanomaterial systems. Finally, 

emerging concepts using gold nanoparticles combined both with imaging and therapeutic 

functions should thoroughly consider the regulatory complexity of this type of theranostic 

approach. However, the multifunctional nanodivices are still at a proof of concept stage and 

the progress has been slow. 
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VII. Outlook and future directions 

The complex goal of nanomedecines is to devise agents that selectively target tumour sites, 

provide imaging capabilities, and deliver specific therapy with minimal untoward effects 

elsewhere (Sajja 2009). Our studies have shown the potential of antibody-targeted gold 

nanoparticles for cancer imaging, and have underscored the complexity of such nanodevices 

and the need to be fully characterized. In this context, there are still numerous hurdles that 

must be overcome before such immunonanoconjugates may be more universally implemented 

in order to expand their field of application: 

- Further studies are required to complete the characterization of our 

immunonanoconjugates, such as exploring the internalization process, characterizing in 

vivo stability and metabolism, investigating the potential toxicity profile, assessing the 

interest of active targeting through conjugation of anti-CD105 mAbs to AuNPs, and 

determining if the anticancer functions of conjugated mAbs are preserved after the 

nanoparticle conjugation. 

- Future investigations are needed to study the therapeutic potential of our 

immunonanoconjugates by exposing tumours to a noninvasive electromagnetic energy 

for producing cytotoxicity. Furthermore, AuNPs may be conjugated to other ligands in 

addition to the targeting antibody, such as toxins or cytotoxic drugs, in order to 

potentiate the hyperthermic effect and to impede cell repair mechanisms. Therefore, we 

can expect the emergence of many nanotechnology platforms for drug delivery 

applications, such as AuNPs, which may act as a scaffold for many targeting and 

therapeutic agents. 

- The radioimmunoimaging can provide targeting and dosimetry informations that can 

guide therapy. Our experiments showed that 
89

Zr may constitute a suitable choice for 

radiolabelling of conjugates. Therefore, 
89

Zr-labelled immunonanoconjugates may be 

used as a scouting procedure before radioimmunotherapy to confirm the tumour 

targeting and to allow the estimation of radiation dose delivery to tumours and normal 

tissues (Zhang 2011, Perk 2005). Hence, 
89

Zr-labelled immunonanoconjugates could 

serve as a surrogate for scouting the biodistribution of 
90

Y-labelled 

immunonanoconjugates (Zhang 2011).  
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- It may be interesting to extend the panel of chosen targeting antibodies for the 

nanoparticle conjugation in order to investigate other tumour models or other disorders 

besides cancer. Indeed, antibody-targeted gold nanoparticles may become an enabling 

technology for personalized medicine, in which cancer detection and therapy are 

tailored to each individual’s tumour molecular profile. 

- Advances in cancer biology are critical for improving the efficacy of nanodevices. A 

greater efficiency of lower doses of nanoconjugates, killing solely the cancer cells, 

could be achieved by selective targeting of unique biomolecular surface signatures on 

tumour cells. The rational design of nanoconjugates requires the knowledge of tumour-

specific biomarkers that facilitate the identification of cancers, and tumour-specific 

receptors that enable endocytosis of conjugated nanoparticles and that can enable their 

selective uptake into cells or accumulation in tumour microenvironments (Sajja 2009).  

- Other studies exploring the use of anti-endoglin fragments may be interesting. We have 

began to produce anti-CD105 F(ab’)2 fragments in order to investigate their 

pharmacokinetic profile. Previous studies using anti-CD105 Fab fragments and anti-

CD105 nanobodies showed the much faster tumour uptake of these fragments 

compared with intact anti-CD105 mAbs, and thus may be translated into the same-day 

immuno-PET imaging for clinical investigation (Zhang 2013, Ahmadvand 2008). 

Moreover, the early pharmacokinetic profile of these fragments has an impact on the 

choice of the radiotracer. Indeed, radionuclides with shorter physical half-life than that 

of 
89

Zr, such as 
99m

Tc, may be chosen for the radiolabelling of theses fragments. The 

F(ab’)2 fragments are bivalent and are able to bind to two antigens with high affinity 

and high retention times (avidity). Moreover, the absence of the Fc domain avoids the 

recruitment of the cytotoxic effector functions through FcR, and decreases the serum 

half-lives through interaction with the FcRn, which acts as a salvage receptor. Finally, 

the antibody fragment-based molecular imaging may enable early imaging of 

malignant lesions that will accelerate the evaluation of patient care and treatment. 

- It could be also interesting to assess the tumour uptake in different tumour models 

before and after anticancer therapy (anti-EGFR mAbs and anti-CD105 mAbs 

conjugated or not to AuNPs) in order to assess the value of these radiolabelled 

conjugates, as a biomarker of response to a treatment. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Ahmadvand%20D%5BAuthor%5D&cauthor=true&cauthor_uid=18847348
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- The directly radiolabelled nanoparticles represent a new class of agents with an 

interesting potential for cancer management. Recently, several reports have indicated 

the use of gold nanoparticles labelled with γ-emitters or β
+
-emitters for multimodal 

imaging, such as PET/CT imaging (Guerrero 2012, Xie 2011, Agarwal 2011, Shao 

2011). This approach takes advantage of high PET sensitivity and an accurate 

localization of AuNPs provided by X-ray CT (de Barros 2012). The challenges 

encountered in producing radioactive nanoparticles and the trouble to synthesize 

nanoparticles with a high specific activity led us to radiolabel the antibodies before 

their conjugation to AuNPs in order to detect our immunonanoconjugates in vivo. 

To conclude, current cancer treatments (surgery, radiotherapy and conventional 

chemotherapy) lead to side effects and toxicity to healthy cells. Recent developments in 

cancer research have shown the introduction of gold nanoparticles into these standard 

protocols for enhancing the tumour cell killing. The promises of nanotechnology, as 

innovative strategy, lie in the potential to decrease harm to healthy tissues and might change 

the very foundations of cancer diagnosis and treatment. 
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Appendix 5: Gold quantification by ICP-MS in mice 

The inductively coupled plasma mass spectrometry (ICP-MS) is showing to be a highly 

sensitive method to quantify elements at trace level, such as gold. Thus, ICP-MS analysis is 

useful for toxicology and biodistribution studies. This analytical technique combines a high 

temperature atomizing ion source (ICP) with a mass spectrometer (MS). The biological solid 

samples, such as tissues are acid digested, dissolved and diluted before running on the ICP-

MS instrumentation. The sample is typically introduced by aspirating into a nebulizer in argon 

atmosphere. Once the sample aerosol is introduced in the ICP torch, it is first gasified and 

then ionized in argon plasma. The ICP source converts the atomic elements in the sample to 

ions. The mass spectrometer detects the ions and separated them according to their mass-to-

charge ratio (m/z) through a quadrupole mass filter, which allows ions with the same m/z ratio 

to pass through the detector at a given instant in time. The separated ions are counted by the 

detector, which translates the number of ions striking the detector into an electrical signal. 

The signal can be related to the number of atoms of that element in the sample via the setting 

up of a linear calibration curve using calibration standards (Figure 29). 

 

Figure 29: Process scheme of ICP-MS analysis of gold nanoparticles (AuNPs) with prior sample dissolution 

(Adapted from Allabashi 2009). 



 

 

 


